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Abstract 
The focus of this Ph.D. thesis is to develop Cu-RDRP and render it a more 
user-friendly and versatile platform. For this purpose, three different Cu-RDRP 
methodologies, Cu(0)-wire mediated RDRP (Chapter 2), photoinduced Cu-RDRP 
(Chapter 3) and aqueous Cu-RDRP with the pre-disproportionation of Cu(I) (Chapter 
4), are studied in the absence of conventional deoxygenation. Without the use of  
extrinsic oxygen scavengers and reducing agents, a range of well-defined polymers 
(i.e. poly(acrylates), poly(methacrylates), poly(styrene) and poly(acrylamides)) are 
synthesized under various conditions (temperatures, solvents, reaction scale). In all the 
different oxygen tolerant approaches, high end-group fidelity is maintained, leading to 
well-defined block copolymers in-situ.  
In each of the three different approaches, the concentration of oxygen in the 
polymerization reactions is monitored in-situ with the use of an oxygen probe, and the 
mechanism of oxygen consumption is investigated and discussed. Furthermore, the 
role of the polymerization reagents on the evolution of oxygen consumption is 
elucidated, highlighting the importance of each component. 
  Apart from the oxygen tolerant nature of these platforms, the effect of UV-
irradiation on Cu-based complexes is investigated (Chapter 5), providing insights into 
the excited state dynamics and the photo-redox behaviour of Cu(II)-based complexes, 









 An Introduction into Radical 
Polymerization 
1.1 Polymers: a brief introduction 
The term “polymer” (originating from the Greek word “πολυμερές” (polymerḗs), 
designating a compound that consists of many repeating units) was initially coined by 
Berzelius in 1833, indicating identical chemical compounds owning the same 
empirical formula but with different chemical and physical properties; Although 
placing the existence of polymers throughout history is rather impossible, it was in 
1920 when the term with its current etymology was employed by Staudinger in his 
manifesto “Über Polymerisation”.1 Thus, that landmark publication set the ground for 
polymer chemistry  as we know it until today. Although it has been extensively stated 
that polymers are found everywhere in everyday life, the statement is rather difficult 
to fully quantify due to the numerous natural and synthetic examples.  
1.2 Polymerization classification: a synopsis  
The traditional classification of polymerization processes included two main 
categories based on the IUPAC Commission on Macromolecular Nomenclature 
(1974); condensation polymerization and addition polymerization. That classification 
was based on whether small molecules are evolved in the growth process, or not.  
However, increased advances in the field of polymer synthesis has led to the 
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replacement of this classification, with the “modern” distinction criteria being based 
on the polymerization mechanism and not on polymer structures. In this context, 
nowadays most of polymerizations can be classified as step-growth or chain-growth 
processes, as was first introduced by Flory in 1953.2 
The step-growth polymerization process follows a one reaction mechanism for 
the formation of the polymer, with initiation, propagation and termination steps being 
largely absent.2,3 Practically, the presence of two molecular species can react, and 
chain growth occurs at slow rates. There is a steady rise in the molecular weight of the 
polymer during polymerization, while high molecular weight polymers require high 
conversions.  On the other hand, chain-growth polymerization has distinct steps (i.e. 
initiation, propagation and termination(s)) with different rates and mechanisms.2,4 A 
distinctive feature of the chain-growth process is that the monomers react with active 
centres including free radicals, organometallic complexes or ions, with a common type 
of chain growth process being initiated by a free radical. The initiation is usually 
triggered by an external stimulus (e.g. energy (temperature, light), catalysts, highly 
reactive compounds). The most common chain-growth process is the widely employed 
Free-Radical Polymerization (FRP). 
1.3 Free-Radical Polymerization (FRP) 
Many  commonly used polymers (e.g. polystyrene) are synthesized through FRP 
due to the high versatility and the low-cost of the technique.5 Experimentally, the FRP 
process exhibits relative tolerance to impurities, moisture and air, as well as 
compatibility with various solvents and monomers.6 Thus, FRP is considered as one 
of the least demanding polymerization processes. In this context, high molecular 
weight polymers with industrial interest and application can be produced in a facile 
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manner. The FRP process can be considered as following three distinctive steps : 
initiation, propagation and termination.7  
The first step which includes the initiation, is considered to involve two events. 
The first event includes the production of free radicals (R·) (referred to as initiator, or 
primary, radical)  usually from the dissociation of  initiating species (I) either through 
heat or light, where kd is the rate constant for the initiator dissociation (Eq. 1.1). The 
second part of the initiation includes the addition of one of these radicals to a monomer 
to produce a chain-initiating radical M· as depicted in Eq. 1.2, with ki being the rate 
constant for the initiation step.  
 The initiation process is followed by propagation, where the free radical at the 
end of the polymer chain reacts with a monomer leading to the formation of a new, 
identical radical but larger by one monomer unit. This chain growth process which 
takes place at rapid rates is described by Eq. 1.3 with kp being the rate constant of 
propagation with values within the range 102 -104 L mol-1 s-1.  
 
Eventually, the propagating polymer chain loses its radical activity and 
undergoes termination. The two possible mechanism that lead to termination events 
are combination and disproportionation.8 Combination is the process in which two 
radical species react with each other, and this radical coupling leads to the formation 
of a “dead” polymer chain, with a total length equal to the sum of the two radical 
chains. The combination process is described by Eq. 1.4 with ktc being the rate constant 
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through disproportionation, which includes the formation of two new radicals (one 
saturated and one unsaturated) through hydrogen abstraction, as depicted in Eq. 1.5 
(ktd is the rate constant of disproportionation). In general terms, the termination events 
can be described in Eq. 1.6 with the term “dead polymer” indicating the propagating 
chain which underwent growth cessation, with kt being the rate constant of 
termination.9  
 
1.4  Living Polymerization  
In a general description, living polymerization is a type of chain growth 
polymerization in which the propagating polymer chains are unable to terminate.10 
Although living polymerization was observed during 1920’s by Ziegler and Bahr,11 
and early approaches had been made during 1940’s with a notable one being by Waley 
and Watson with the polymerization of sarcosine carbonic anhydride,12 the concept of 
living polymerization was pioneered by Szwarc in the 1950’s with his work on the 
anionic polymerization of styrene.13 The distinctive characteristic of living 
polymerization is that initiation is faster than propagation with each initiator molecule 
initiating only one polymer chain, with the polymer chains growing simultaneously 
and at the same rate. In this context, the degree of polymerization (DP) is linked to the 
concentration of initiator at time zero, as well as the amount of monomer consumed 
(Figure 1-1). Once there is full consumption of the monomer, the growth is complete 
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monomer. The absence (or better the negligible presence) of chain transfer and chain 
termination are the main characteristics of the livingness, and they can be mainly 
observed in anionic systems where the anions at the ends of the polymer chains 
eliminate bimolecular termination.14  
 
Figure 1-1. Molecular weight evolution versus increasing monomer conversion for 
chain-growth (blue), living chain-growth (red) and step-growth (green) 
polymerization. 
 
However, living polymerizations are often highly vulnerable to impurities such 
as moisture (H2O), O2 and CO2 (further discussion in section 1.7) thus, highly purified 
reagents and stringent anaerobic conditions are usually required. Furthermore, high 
temperatures and solvents able to undergo chain transfer often need to be avoided. As 
a result, although even nowadays the production of high-quality polymers (i.e. 
predetermined narrow molecular weight distributions, block copolymers, ease of 
functionalization of the terminated chain ends) is a distinctive feature of living 
polymerizations, the commercialization of these processes can be hindered by these 
highly-demanding experimental conditions.  
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1.5 Reversible Deactivation Radical Polymerization 
The term Reversible Deactivation Radical Polymerization (RDRP) is being 
widely used to describe a family of polymerization techniques which, broadly speaking 
share a common characteristic, namely a dynamic equilibrium between active and 
dormant species.15,16 This equilibrium can  be accomplished either via the reversible 
deactivation of the propagating radical to form the dormant species, or via “degenerate 
transfer” between the propagating radicals and the dormant species. Although the term 
“Controlled/Living Radical Polymerization” has also been used to describe these 
polymerization processes, many controversies have arisen based on whether these 
systems are living or controlled. Based on the IUPAC, the term living should be 
avoided since RDRPs proceed via a radical intermediate and thus, radical-radical 
termination is inevitable to some extent.17 Additionally, in these systems there is high 
possibility of side reactions related to chain transfer to solvent or monomer  and as 
such, the RDRPs deviate from  the definition of livingness as proposed by Szwarc. 
Hence, although these systems exhibit a proximity to living polymerizations in 
comparison to the free-radical process, they are commonly called RDRPs. The primary 
aim of this family of techniques is to eliminate chain breaking reactions, reserve the 
same probability of growth for each chain and obtain polymers with controlled 
molecular weights and narrow dispersity.18 The three most viable techniques included 
in the RDRP family are nitroxide-mediated polymerization (NMP),19 reversible 
addition-fragmentation chain transfer (RAFT)20 polymerization and the transition 
metal-mediated approaches21,22 (e.g. atom transfer radical polymerization (ATRP)).  
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1.5.1  Nitroxide-mediated polymerization (NMP) 
Nitroxide-mediated polymerization is historically the first example of RDRP. 
It was discovered at CSIRO and early publications and patents by Solomon and 
Rizzardo in 1980’s describe NMP as a method for controlled-growth radical 
polymerization.23  In early efforts to stabilize radical polymerization, the development 
of methods for probing the chemistry of its initiation were included, with radical-
trapping and the use of nitroxides being among those.19 Nitroxides are able to 
selectively scavenge carbon-centred radicals and can efficiently act as inhibitors for 
radical polymerization.19 In this context, 2,2,6,6- tetramethylpiperidinyl-1-oxy 
(TEMPO) in particular was used as a radical trap in order to study the initiation in 
methyl acrylate polymerization.24 As a result of these studies, nitroxides were verified 
as selective scavengers of carbon-centred radicals to yield stable (under certain thermal 
conditions) alkoxyamines. Among the conclusions that followed these studies it was 
suggested that the alkoxyamines were thermally labile at higher temperatures and 
collectively, these observations led to the development of NMP.  
 
Scheme 1-1. Different nitroxides used in NMP.25  
 
Although NMP was originally applicable only to styrenic monomers,24 the last 
15 years the development of nitroxides26 and alkoxyamines27,28 provided access to 
more monomer families including acrylates,29 methacrylates (under certain 
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conditions)30, acrylamides,31 acrylonitrile27 and 1,3-dienes.32  In general terms, the 
control in NMP is dominated by the equilibrium between dormant species in which 
the nitroxide is covalently bound to the polymer chain-end, and active species Pn∙ in 
which the nitroxide is homolytically cleaved to generate a propagating radical at the 
polymer chain-end, as shown in Scheme 1-2, with kd and kc determining the 
activation/deactivation equilibrium constant K (K = kd/kc).
33,34,35 In order to minimize 
side reactions, the concentration of Pn∙ should be low. Moreover, a further factor that 
plays an important role over the control over the NMP process is that exchange 
between the dormant and active species needs to be much faster than propagation and 
termination,36 so such that all of the polymer chains grow simultaneously. Broadly 
speaking, although NMP provides control over the macromolecular characteristics of 
the obtained polymers, termination events are possible to occur including transfer to 
monomer37,38 or transfer to the nitroxide,39,40 leading to the generation of PnX species 
where X is the fragment of the transfer agent.35 
 
Scheme 1-2. Proposed mechanism of NMP. 
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1.5.2 Reversible addition-fragmentation chain transfer   
polymerization (RAFT) 
RAFT was first reported in 1998 by Chiefari et al. at CSIRO,20 and until now 
has been one of the most well-studied RDRP techniques. The RAFT mechanism, 
following the RDRP process, is based on the equilibrium between active and dormant 
chains, achieved by degenerative transfer.36 For this process, a source of radicals such 
as a conventional radical initiator is required (e.g. AIBN), as well as a chain transfer 
agent (CTA) or as is also called, RAFT agent.41–43 As depicted in Scheme 1-3, upon 
decomposition of the initiator that lead to the formation of propagating species (Pn∙), 
the propagating radical is added to the CTA (thiocarbonylthio compounds (RSC(Z) = 
S) are the most commonly used) followed by fragmentation of the intermediate radical, 
finally leading to the formation of a  thiocarbonylthio compound and a new radical 
(Rn∙). In the next step, the new radical reacts with a monomer unit leading to the 
formation of a propagating radical (Pm∙). The reversible transfer of the a 
thiocarbonylthio group (or any other functional chain-end group) between the dormant 
chains and the propagating radicals is a key characteristic for the RAFT process. 
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Scheme 1-3. Proposed mechanism of RAFT. 
 
 In a successful RAFT process, the rate of addition/fragmentation is higher than 
the rate of propagation leading to similar degree of polymerization for all the chains. 
One of the most distinct differences between RAFT and other RDRPs (e.g. ATRP or 
NMP) is that a bimolecular termination event does not lead to loss of the chain end, 
with the number of end-functionalized chains remaining the same even upon, 
conventional for other RDRPs, termination events.44  
Initiation
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1.5.3 Copper-mediated Reversible Deactivation Radical 
Polymerization (Cu-RDRP) 
1.5.3.1 Atom Transfer Radical Polymerization (ATRP) 
Transition metal mediated/catalyzed methodologies were introduced in 1995 
using low valent Ru(II)21 and Cu(I)45 complexes as catalysts in conjunction with alkyl 
halides as initiators. Up until this point, ionic and ionic-related polymerization were 
most successful living polymerizations requiring the use of very anhydrous conditions 
and pure (protic-free) reagents and solvents.  The transition metal-based radical 
techniques such as ATRP21,45 and Single Electron Transfer-Living Radical 
Polymerization (SET-LRP),46–48 emerged as powerful tools for the synthesis of 
numerous materials, with different architectures and functionalities, in a variety of 
media and under different conditions without the requirement of rigorously removing 
water and other protic impurities or the need for protecting groups for monomers 
containing such functionality.15,16,49,50 These methods depend on an activation-
deactivation equilibrium between active and dormant species, related to the transition 
metal complex (Mtm X/L) (with Mt being the metal at m oxidation state and L being 
the ligand) which activates (kact) an alkyl halide (Pn-X) via reversible homolytic bond 
cleavage, leading to Mtm+1 X2/L and a Pn∙ radical which leads to chain growth (Scheme 
1-4). The deactivator, namely the transition metal complex in the higher oxidation 
state, reversibly reacts (kdeact) with the propagating radical (Pn∙) to regenerate the 
dormant species and the activator. 51–56 
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Scheme 1-4. Simplified ATRP activation/deactivation equilibrium.   
All the RDRP methods are eventually followed by termination events, to some 
extent. However, at the initial stages of the polymerization there is a small presence 
termination which results in slight excess of deactivating species, shifting the 
equilibrium towards the dormant species, decreasing the rate of polymerization but 
supressing the rate of termination,  ultimately resulting in better control over the 
molecular weight distributions. This self-regulating ability of the technique is known 
as persistent radical effect (PRE).33,57,58 In general, there are many factors that 
synergistically contribute to a controlled ATRP process by shifting the equilibrium, 
including among others the structure of the ligand and thus the nature and stability of 
the catalyst, 56,59–64 the initiator36,52,65–68 and the reaction medium.15,50,69 
In general, for the RDRPs which are catalyzed by copper (Cu), there are two 
possible mechanistic pathways described in the literature, outer-sphere electron 
transfer (OSET) and inner-sphere electron transfer process (ISET).70,71 The traditional 
ATRP is considered to follow the ISET process where a transition metal complex in 
the lower oxidation state (most often CuI/L), activates an alkyl halide, through an 
energetically favoured ISET process, to generate a radical and the transition metal 
complex in a higher oxidation state (i.e. CuII/L). Subsequently, the generated radical 
can propagate with monomer before reacting with the higher oxidation state complex 
to return to the alkyl halide.72 
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 Alternative approaches to conventional ATRP have been introduced mainly by 
Matyjaszewski and colleagues, including Activator Regenerated by Electron Transfer 
(ARGET-ATRP)73 and Initiators for Continuous Activator Regeneration (ICAR-
ATRP),74 in order to minimize the transition metal loadings. ARGET-ATRP has been 
considered a “greener” approach to conventional ATRP with the utilization of ppm of 
the catalyst and in the presence of a suitable reducing agent75 (i.e. tin(II) 2-
ethylhexanoate (Sn(EH)2),
76 glucose,73,77,78 ascorbic acid,79 more). In the ARGET 
process, the reducing agent is employed to (re)generate the active catalyst from the, 
accumulated via termination events, deactivating species.76 In the ICAR-ATRP, low 
loadings of the metal catalyst are as previously used and thus, in order to avoid the 
activator’s consumption through termination evens, a free-radical source (e.g. AIBN) 
is employed to regenerate the activator.73  
1.5.3.2 Single Electron Transfer-Living Radical Polymerization  
The concept of SET-LRP was introduced in 2002 by Percec and colleagues who 
reported on the fast polymerization of acrylates, methacrylates and vinyl chloride at 
ambient temperature, generating polymers with “ultrahigh” molecular weight.47 The 
process was conducted in polar media and, as previously in ATRP, in the presence of 
N-containing ligands and alkyl halide initiators. Although the “core idea” of RDRP 
remains the same for both ATRP and SET-LRP, the mechanistic differences between 
the latter and supplemental activator and reducing agent (SARA)-ATRP have been the 
focus of controversy in the literature.71 Included in RDRPs, SET-LRP relies on the 
equilibrium between dormant and active species.  
  Chapter 1 
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Scheme 1-5. The mechanism of SET-LRP as proposed by Percec and colleagues. 
Figure adapted from reference 47.  
 
The main difference between SET-LRP and SARA-ATRP is that in the first, 
Cu(0) is considered as the activator that abstracts the halogen atom from the initiator 
via a heterolytic outer-sphere electron transfer (OSET) mechanism. Specifically, in 
polar solvents including H2O, dimethyl sulfoxide (DMSO), alcohols and ionic liquids, 
Cu(I) undergoes rapid disproportionation towards “nascent”, highly reactive Cu(0) 
particles and Cu(II)Br in the presence of N-containing ligands that promote 
disproportionation (i.e. tris[2-(dimethylamino)ethyl]amine (Me6Tren)).
46,47 The 
proposed mechanism of SET-LRP (Scheme 1-5) suggests that the initiation step (or 
activation, kact) includes a SET from Cu(0) which is the electron donor species, to the 
electron-acceptor alkyl halide.80 During the formation of radicals, Cu(I) is generated 
and instantaneously disproportionates into Cu(0) atomic species and Cu(II), thus the 
Cu(I) species are spontaneously consumed while the Cu(0) species are continuously 
produced.47,81 The “nascent” Cu(II) is considered to provide the reversible deactivation 
(kdeact), thus acting as the deactivator, the generated Cu(0) induces the reactivation of 
dormant species, whilst Cu(I) does not participate in the activation of alkyl halides but 
only supplies the activating and deactivating species through its disproportionation.  
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In 2013, Haddleton and colleagues demonstrated a novel method for conducting 
Cu(0)-mediated RDRP in water,  by exploiting full disproportionation of Cu(I) in 
water and in the presence of the aliphatic tertiary amine Me6Tren.
81 Specifically, the 
key-step for a controlled Cu(0)-RDRP in water was to allow for full disproportionation 
of Cu(I) prior to addition of monomer and initiator. Thus, upon completion of the pre-
disproportionation reaction where nascent Cu(0) and Cu(II) are generated, the addition 
of monomer and initiator followed, and within 15 minutes well-defined 
polyacrylamides and hydrophilic polyacrylates were synthesized. The advantageous 
nature of this platform lies on the mild reaction conditions which include low or 
ambient temperature and the fast polymerization rates. Apart from the polymerization 
of acrylamides in water, other more complex aqueous media such as blood serum,82 
alcoholic beverages83 and ionic liquids4784 were employed for the Cu(0)-RDRP of 
NiPAm, resulting in successful disproportionation of Cu(I) (and thus, in-situ 
generation of highly active Cu(0)). Finally, even in complex media, control over the 
macromolecular characteristics of the obtained polymers was achieved, with low 
dispersities, high chain-end fidelity and high monomer conversions. It should be noted 
that although the Cu(0)-RDRP platform is considered as a robust and versatile system, 
exhibits some limitations which lie on the fact that less activated monomers such as 
vinyl pyrrolidone (VP) and vinyl acetate (VA) are incompatible with the technique, 
while further development is required for the polymerization of styrene, methacrylates 
and methacrylamides.47  
1.5.3.3 Cu(0)-RDRP: Mechanistic aspects  
The use of Cu(0) has provided many advantages in the implementation of Cu-
RDRP including the simple removal of Cu-species when Cu(0)-wire is utilized, milder 
conditions (i.e. ambient temperature or below) and shorter reaction times.16 
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Nevertheless, significant interest has been focussed on the mechanistic profile of Cu-
RDRP with the main debate up to date being between two models that the same 
polymerization components are used; the supplemental activator and reducing agent 
(SARA)-ATRP and SET-LRP.71 The SARA-ATRP model follows the same rationale 
as conventional ATRP with the main species responsible for deactivation being Cu(II) 
and for activation Cu(I), while Cu(0) acts as a supplemental activator of alkyl halides 
and as a reducing agent for Cu(II). In the SARA-ATRP approach the kinetic 
contribution of disproportionation is very small, whilst comproportionation has a 
predominant role. In contrast, in the SET-LRP approach, the disproportionation of 
Cu(I) towards Cu(0) and Cu(II) has a predominant role with Cu(0) being the main 
active species (Figure 1-2). 
 
Figure 1-2. Simplified mechanistic illustration for SARA-ATRP (top) and SET-LRP 
(bottom) with bold arrows indicating major reactions, solid arrows indicating 
contributing reactions and dashed arrows representing minor reactions. Figure adapted 
from reference 71. 
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1.5.4 Photoinduced Cu-mediated Reversible Deactivation 
Radical Polymerization  
Unarguably, the development of RDRP techniques has proved to be a 
cornerstone for the field of polymer chemistry and materials science since their 
implementation leads to polymers with diverse properties, well-defined 
macromolecular characteristics and a wide range of functionality. 32,85–89 One of the 
most challenging tasks in the field,  has been the “on demand” regulation of RDRP 
techniques, namely the achievement of spatiotemporal control over the 
polymerization. In this context, researchers developed the implementation of external 
stimuli including light, electrochemical processes with applied voltage or mechanical 
processes in order to render the equilibrium between active and dormant species 
tunable.90,91  
In particular, the use of light has attracted considerable interest since it allows 
the polymerization to proceed under mild conditions, it is non-invasive, 
environmentally benign, and gives high potential for spatiotemporal control.91,92 After 
the first report on the photopolymerization of vinyl monomers by Oster and Yang in 
1968,93 significant developments have been made in the field of photopolymerization, 
with the three main approaches being the use of light for activation of the catalyst,56,94 
monomer95,96 or initiator.97–100  In particular, the direct activation of the catalyst 
through light irradiation has been the focus of many investigations that are based on 
RDRP and Cu-RDRP.  Hawker and colleagues, utilizing visible light and a photoactive 
iridium complex (fac-[Ir(ppy)3](ppy = 2-pyridylphenyl), reported the synthesis of 
well-defined poly(methyl methacrylate) (PMMA) with spatiotemporal control.94,101 
Their investigation was based on the ability of the Ir-based catalyst to absorb light and 
form excited IrIII* species that can reduce the alkyl bromide initiator, leading to the 
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generation of initiating radicals. The IrIV produced can subsequently oxidize the active 
radical chain-end leading to the formation of dormant species, and this process, upon 
addition of a photon can be repeated. The same Ir-catalyst was employed by Boyer 
and colleagues who pioneered on the development of photoinduced electron transfer 
(PET)-RAFT.102–104 Apart from Ir-based catalysts, different metal-based catalysts have 
also been developed including Cu,56,105–107 cobalt (Co),108–110 zinc (Zn),111–117 
ruthenium (Ru),102,118,119 iron (Fe)120,121 and iodine (I),122 and even metal-free systems 
have been reported to provide control over the produced polymers.123,124  
Copper, particularly in the form of Cu(II) donor ligand complexes, has been 
known to participate in photoredox reactions upon UV-irradiation.125 The concept of 
photoinduced Cu-mediated polymerization was first developed by Yagci and 
colleagues,126 who reported on the photo(co)polymerization of methacrylates. They 
utilized Cu(II) in order to photo-generate Cu(I) in-situ, in the presence of 
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA). The polymerization, 
although having been conducted in bulk, showed a linear increase of the molecular 
weight with increasing conversion, and the ability of the system to undergo 
copolymerization was illustrated by a chain extension. As proposed by Yagci and 
colleagues, the initial step included the in-situ generation of the Cu(I)X/L activator 
from the Cu(II) species which subsequently reacted with the initiator Pn-X to form an 
active radical Pn∙, which in turn could propagate with monomer addition (M), terminate 
and undergo deactivation through reaction with Cu(II)X2/L, leading to Cu(I)X/L and 
a halogen-terminated polymer chain (Figure 1-3).  
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Figure 1-3. Graphical illustration of the mechanism of photoinduced controlled radical 
polymerization as reported by Yagci and colleagues. Figure adapted from reference 
126. 
The use of visible light and sunlight was reported by Konkolewicz, 
Matyjaszewski and colleagues for photoinduced ATRP of (meth)acrylic monomers.127 
The use of Cu(II)Br2/TPMA complexes with low ppm of the Cu catalyst were used 
under mild light sources including blue and violet LEDs and sunlight, to generate well-
defined polymers able to undergo chain extension. The proposed mechanism of 
photoinduced ATRP was based on the homolytic cleavage of the Cu(II)X/L complex 
in the excited state to form the Cu(I)/L activator and a halogen radical responsible for 
the initiation of the polymerization. The system exhibited “on demand” control by 
switching the light source “on” and “off”.127 
In 2014, Haddleton and co-workers reported on the photoinduced Cu-RDRP of 
acrylates utilizing Cu(II)Br2 and the aliphatic tertiary amine Me6Tren, with UV-
irradiation (λmax ~ 365 nm) as the light source.
105 The obtained polymers exhibited 
controlled molecular weights, low dispersity values and high end-group fidelity at 
near-quantitative (>99%) monomer conversions. With this approach, the 
polymerization rates were significantly faster (quantitative conversions were obtained 
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in less than 2 hours)  compared to the previous approaches and, notably, temporal 
control was also demonstrated. In subsequent reports by the Haddleton group, the 
successful photoinduced Cu-RDRP of various acrylates (hydrophilic, hydrophobic and 
functionalized) in different organic media,106 as well as the synthesis of one-pot 
multiblock copolymers was demonstrated.128 Apart from the employment of organic 
media, the scope of this synthetic platform was greatly expanded in aqueous media.129 
The addition of sodium halides (NaBr) enhanced the control over the polymerization 
in water and as a result, water-soluble acrylates were successfully polymerized under 
UV-irradiation and in the presence of the Cu(II)Br2/Me6Tren complex. Notably, high 
end-group fidelity was maintained allowing for in-situ chain extensions in water. 
Furthermore, the polymerization exhibited high temporal control, as depicted by the 
“on-off” experiments.  
 
1.5.4.1  Photoinduced Cu-RDRP: Mechanistic aspects  
The increasing interest into photoinduced-RDRP systems has led researchers 
to begin to understand the mechanism behind this versatile synthetic platform, hence 
many approaches have been made to understand the dynamics of these systems. In 
their first study, Haddleton and co-workers reported that an excess of the aliphatic 
amine ligand Me6TREN (relative to Cu(II)Br2) is required to maintain excellent 
control over the polymerization of acrylates.105 UV–Vis spectroscopy was applied to 
follow the polymerization and monitor the effect of UV-irradiation on the components 
of the polymerization over time. Based on their findings, they proposed that the 
photoexcitation of free Me6Tren is responsible for the C-Br bond homolysis, which 
occurs through an outer-sphere single-electron transfer (OSET) when the alkyl halide 
initiator is present. This C-Br scission is followed by the formation of an initiating 
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radical, a Me6Tren-based radical cation and its analogous Br-counterion, with the 
initiating radical mediating the propagation. When monomer is present, propagation 
occurs while the deactivating species Cu(II)Br2/Me6Tren reserves the control over the 
polymerization (Figure 1-4). 
 
 
Figure 1-4. Proposed mechanism for the Cu(II)Br2/Me6Tren-mediated photoinduced 
RDRP. Figure reproduced by reference 105. 
 
Barner-Kowollik and colleagues investigated the initiation mechanism of 
photoRDRP by utilizing pulsed-laser polymerization (PLP) and high-resolution mass 
spectrometry, highlighting the important role of the ligand which acts as a reducing 
agent.130 They demonstrated that upon UV-irradiation, scission of the initiator’s C-Br 
bond occurs which subsequently provides radicals that can propagate and also react 
with Cu(II) species (Figure 1-5). Upon UV irradiation, an electron transfer reaction 
takes place between the photoexcited ligand and Cu(II) complexes leading to the 
generation of Cu(I) species, and apart from that, it was proposed that the Cu(II) 
complex gets excited and subsequently quenched by the free ligand, generating the 
analogous Cu(I) complex and the ligand radical cation.  
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Figure 1-5. Proposed mechanism of photoRDRP as reported by Kowollik and 
colleagues. Figure reproduced from reference 130. 
 
In a recent report, Haddleton and colleagues investigated the effect of UV-
irradiation on Cu(II)-based complexes when different aliphatic amines are used as 
ligands.56 Different characterization techniques such as transient electronic absorption 
spectroscopy (TEAS), UV-vis spectroscopy, electrospray ionization time of flight 
mass spectrometry (ESI-ToF-MS) and cyclic voltammetry (CV) were applied in order 
to provide insights into the catalyst behaviour upon photo-irradiation, namely the 
excited-state dynamics, the electrochemical behaviour of the Cu(II)/Cu(I) redox 
couples and the detection of different species upon complexation of the ligand to the 
metal centre (before and after UV-irradiation). It was found that, after the use of 
Me6Tren, similarly good control over the polymerization was achieved when the 
tridentate PMDETA was used, while when the linear tetradentate 1,1,4,7,10,10-
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hexamethyltriethylenetetramine (HMTETA) and the bidentate 
tetramethylethylenediamine (TMEDA) were used, poor control over the molecular 
weights and dispersity values was seen. These observations for the polymerizations 
where HMETA- and TMEDA-based complexes were used, were attributed to 
restricted mobility of those complexes which leads to inability of the complex to 
abstract the halogen atom from the alkyl halide initiator. Further insight was provided 
through the TEAS measurements which showed that the observed beat in the transient 
absorption spectra was due to the system oscillating between two different oxidation 
states of Cu, possibly caused by motion of the bromine between the copper and the 
ligand. 
 
1.6 O2-tolerant Controlled Radical Polymerizations 
1.6.1  General aspects and common misconceptions 
The increased interest in controlled radical polymerization techniques such as 
ATRP, RAFT and NMP has led to the development of these techniques as versatile 
platforms, tolerant to various conditions (i.e. high/low temperatures), different media 
and scales, and functional groups. However, since the early beginning of their 
development, stringent anaerobic conditions were required for their implementation in 
order to omit contamination from oxygen, air and moisture.  
In 1991, Bhanu and Kishore in a review article reported that although the effect 
of oxygen in polymer degradation had been well-understood and documented, there 
was little knowledge on its effect on polymer synthesis.131 Indeed, the role of oxygen 
in the polymerization’s dynamics has remained, even until today, insufficiently 
investigated considering its longstanding, disadvantageous or not, presence. Although, 
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as commonly believed, oxygen acts as an inhibitor for radical polymerizations, it was 
as early as 1937 that aerial oxygen was used as initiator for the synthesis of low-density 
polyethylene, and as was finally demonstrated, it could act both as initiator and 
inhibitor for the polymerization, when high temperature (above 160-170 oC) and high 
pressure was applied.132,133 Among other cases, oxygen has been shown to promote 
redox initiated polymerizations under specific conditions,134–136 it can itself participate 
in redox reactions to generate initiating radicals as reported for the polymerization of 
vinyl monomers in the presence of O2, ascorbic acid and transition metal salts,
136 has 
been essential for the production of hydrogen peroxides in photosensitized 
polymerizations.137 However, even though there have been reports on the beneficial 
aspect of oxygen, the constant progress and pursuing of controlled macromolecular 
characteristics have rendered the presence of oxygen as problematic for controlled 
radical polymerization systems.  
Indeed, oxygen is a well-known radical scavenger that reacts with carbon-
centred free radicals produced thermally, photochemically or catalytically, and leads 
to the formation of peroxide radicals and hydroperoxides. The latter react very slowly 
(i.e. compared to alkyl radicals), leading to induction periods which last until all the 
oxygen in the polymerization solution gets consumed (or turns into peroxides) and in 
general, they are not efficient at reinitiating the polymerization. As early as 1948, 
Bovey and Kolthoff in their review article discussed the inhibition of vinyl 
polymerization.138 As they reported, ideal inhibitors are substances that cause an 
induction period in the polymerization. During the induction period, the inhibitor gets 
consumed and subsequently the polymerization starts. Substances that act as inhibitors 
are often misconceived as retarders, with the latter having different effect on the 
polymerization than inhibitors. Typically, the retarders cause retardation throughout 
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the entire polymerization, without being related to an induction period. However, both 
inhibitors and retarders react with all the free radical produced, with retarders being 
less efficient and hindering the initiation of some polymer chains.  
A report by Mayo et al. described that although the autooxidation of 
hydrocarbons that contain unreacted double bonds leads to the formation of 
hydroperoxides, hydrocarbons that contain reactive bonds (i.e. vinyl monomers) form 
polyperoxides (Scheme 1-6).139,140 They hypothesized that a copolymerization-type 
reaction takes place between oxygen and the monomer, with the latter reacting 
thousand times faster with oxygen than with itself when the concentration of the two 
is equal in the reaction. In a study by Decker and Jenkins,141 it was shown that the 
homopolymerization of acrylates in the presence of air does not begin until all of the 
dissolved oxygen gets consumed into peroxide since k4[O2]>>k5[M] (see Scheme 1-
6). The peroxide radical reacts very slowly and thus, an induction (τ) period is 
observed.  
 Although the effect of oxygen on a radical polymerization, an thus the observed 
induction period, are dependent on many factors including temperature and pressure, 
as well as the diffusion coefficient of oxygen in different media,142 early reports tried 
to corelate τ with experimental variables (i.e. monomer (M), initiator (A) and O2 
concentration).143–145 As a result of these studies, the general expression τ  =  
Κ[Ο2]a[Μ]b[A]c was generated, with a, b and c values indicating the type of 
termination for R∙, as described in Scheme 1-6.  
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Scheme 1-6. The generation of peroxides during the radical polymerization of vinyl 
monomers, upon reaction of the generated radical with oxygen.  
 
Since the induction period of the polymerization is dependent on the oxygen 
concentration, Schultz et al. defined this induction period as :  
τ  =  [O2]0/(-d[O2]/dt) 
with [O2]0 being the oxygen concentration present at the beginning of the 
polymerization and  (-d[O2]/dt) representing the rate of oxygen consumption upon 
reaction with the monomer. In another investigation by Garton and George in 1973,145 
the effect of oxygen on the initiator was investigated. Based on the model of Scheme 
1-6, the investigation was based on the assumptions that the contribution of the side 
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reaction c in the propagation step is small and that each reaction that leads to the 
generation of radicals, reaches a steady state which results in an equal rate of free 
radical generation and consumption.   As a result, the correlation between the initiator 
and the peroxide formation (with f representing the initiator efficiency) can be 
described as :  
fk1[A]  =  (k9 + k10)[R•]2 + k8[RO2•][R•] + k7[RO2•]2 
It should be noted that although the above-mentioned investigations have been 
reported by many researchers and exhibit reproducibility, the proposed reaction 
models are expected to exhibit alterations from the existing systems, since different 
and more sophisticated mechanistic pathways have proposed for the various radical 
polymerization platforms.  
Since oxygen sensitivity has been an obstacle for the implementation of 
RDRPs, investigations have been made to pogress oxygen tolerant radical 
polymerizations,146,147 with (PET-)RAFT and (photo-)ATRP being the most well-
studied techniques. In 2014, Liska and co-workers described in their review article 
several approaches and strategies for the elimination of the oxygen effects on 
photoinduced radical polymerization.146 They classified these strategies as either 
chemical or physical.  Recently, Boyer and colleagues highlighted some of the most 
common deoxygenation approaches up to date, including the ‘‘polymerising through’’ 
oxygen approach, the enzyme mediated deoxygenation and the continuous 
regeneration of a redox-active catalyst (Scheme 1-7).147  
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Scheme 1-7. Commonly applied oxygen tolerance approaches. 
 
1.6.2  O2-tolerant RAFT & PET-RAFT  
The “polymerizing through” approach  
As described by Boyer and colleagues, RAFT does not depend on a catalytic 
redox initiation process, hence it is possible to use initiating radicals to consume 
oxygen prior to the initiation of the polymerization.147 This can be achieved without 
compromising control over the polymerization, when the initial concentration of 
oxygen in the solution is lower than the initiating radical concentration (this can also 
be observed in deoxygenated RAFT). Ergo, the polymerization can, under specific 
conditions, proceed without external deoxygenation. This approach was coined as 
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approach which does not require externally added reagents, it does lack a broad 
applicability and it is more compatible with low DPs, high monomer concentrations 
and high temperatures.147  
 As early as 2003, Sanderson and colleagues reported that styrene could 
undergo RAFT polymerization at high temperature (90 oC) without exhibiting high 
oxygen sensitivity.148 Later, Zhang et al. demonstrated that the controlled presence of 
oxygen increased the rate of RAFT polymerization for styrene149 and MMA,150 without 
the need of an externally added radical initiator. This observation was attributed to the 
copolymerization of oxygen with the monomers which led to the generation of oligo-
peroxides, which in turn decomposed to form additional radical species.151  
 
Figure 1-6. Oxygen tolerant RAFT polymerization via the “polymerizing through” 
oxygen approach. Figure reproduced from reference 147. 
 
More recently (2015), Perrier and colleagues reported on the fast synthesis of 
multiblock copolymers in the presence of air.152 The application of 100 oC led to high 
flux of radicals generated by the thermal initiator which was employed. Furthermore, 
the use of acrylamide monomers which have high rates of propagation, as well as the 
high monomer and initiator concentrations, facilitated the non-deoxygenated 
polymerization which led to quantitative monomer conversions within 3 minutes for 
each low DP block. A range of acrylamides and acrylates were also polymerized 
through non-deoxygenated RAFT polymerization by Cooper-White and colleagues,153 
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who demonstrated higher DPs (20-100) and mikto-arm star polymers, again by 
applying 100 oC. As a “polymerizing through” oxygen approach was considered the 
investigation by Junkers and co-workers who, at ambient and low temperature (0 oC) 
they employed an acid induced cyclohexanone/tert-butyl hydroperoxide initiation 
system for the RAFT polymerization of vinyl monomers in air.154  
The “enzyme deoxygenation” approach (in RAFT) 
Enzyme deoxygenation includes the addition of an enzyme (most commonly 
glucose oxidase (GOx)) in the non-deoxygenated polymerization, for the reduction of 
molecular oxygen into a non-radical quenching species such as hydrogen peroxide. 
Although this concept has been inspired by biochemical processes and exists in the 
field of polymer chemistry since the 90’s, it has recently gained particular interest in 
the field of polymers. After the formative report by Iwata et al. in 1991,155 who used 
GOx for the deoxygenation and initiation of the free-radical polymerization of 
hydroxyethyl methacrylamide, Yagci and colleagues reported the use of this enzyme 
in order to avoid O2-derived inhibition in photoinitiated free-radical polymerization.
156  
In 2014, Chapman et al. utilized the same enzyme for the non-deoxygenated RAFT 
polymerization of 2-hydroxyethyl acrylate.157 With the addition of low GOx 
concentrations and at relatively mild reaction conditions (45oC), the polymerization 
was performed without significant inhibition, even in open vessels, allowing for a 
subsequent study on high throughput synthesis of polymethacrylates and 
polymethacrylamides in open well plates.158 
The use of photocatalysts in PET-RAFT 
 PET-RAFT polymerization, as developed by Boyer and colleagues, is a 
photocatalytic method which involves a photoinduced electron (or energy) transfer 
process to initiate RAFT polymerization.159 The use of highly reducing photocatalysts 
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has rendered the PET-RAFT process an oxygen tolerant platform for the 
polymerization of various monomers under mild conditions (i.e. blue light irradiation). 
In their first study, Boyer and co-workers demonstrated the synthesis of high molecular 
weight polymers, with narrow molecular weight distributions and versatility over 
chain extensions, even in the presence of air, by exploiting the reducing ability of the 
Ir(ppy)3 photocatalyst.
159 Subsequently, similar results were obtained when the 
[Ru(bpy)3]Cl2 catalyst was employed for the synthesis of multiblock copolymers, 
160 
with Hawker and colleagues also leveraging the catalyst’s reducing ability for the 
online monitoring of polymerization kinetics in air.161   
 In subsequent studies, the Boyer group developed the concept of oxygen 
tolerant PET-RAFT with the use of 5,10,15,20-tetraphenyl-21H,23H-porphine 
(ZnTPP) as a photocatalyst, with the latter being more compatible with lower energy 
wavelengths of light in the visible spectrum, while in parallel maintaining control over 
the polymerization and even showing less inhibition compared to when Ir(ppy)3 or 
[Ru(bpy)3]Cl2 were used.
111 When the reducing ability of ZnTPP was investigated in 
DMSO, it was found that the photocatalyst had the ability to photosensitize triplet 
oxygen into singlet oxygen (Figure 1-7), with the latter reacting with DMSO to form 
the analogous sulfone (DMSO2).
162 Studies conducted in other solvents, showed that 
the efficiency of a photocatalyst for oxygen scrubbing is dependent on its ability to 
transform triplet oxygen into singlet.117 Apart from metalloporphyrines, dyes such as 
Eosin Y (EY) have also shown to provide oxygen tolerance along with their 
photocatalytic activity.163,164 
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Figure 1-7. Oxygen tolerant PET-RAFT with the use of metalloporphirines. ZnTPP 
photosensitizes triplet oxygen into singlet oxygen which is subsequently quenched by 
DMSO to form DMSO2. Figure reproduced from reference 147. 
 
Apart from PET-RAFT which involves initiation by a RAFT agent, other 
photoRAFT platforms that proceed without RAFT agents have also exhibited oxygen 
tolerant behaviour.165 Photoiniferter systems have also shown good tolerance over 
oxygen, as described by Zhu’s,166 Qiao’s,167 and Johnson’s168 groups who employed 
the “polymerizing through” oxygen approach. Furthermore, in recent reports, the 
employment of more “bio-friendly” reagents such as organic dyes, ascorbic acid and 
vitamin B2 or vitamin B12 have shown to facilitate the reduction of oxygen, leading to 
oxygen tolerant systems with controlled macromolecular characteristics.169–171 
 
1.6.3  O2-tolerant Cu-RDRP  
As a transition metal-mediated polymerization, Cu-RDRP involves a Cu-based 
complex with N-containing ligands (i.e. amines), which is responsible for the 
regulation of the equilibrium between dormant and active species. Apart from the 
conventional ATRP which utilizes Cu(I), Cu(II)- and Cu(0)-mediated approaches have 
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also been developed which, broadly speaking, rely on the same redox concept for the 
regulation of the reversible deactivation process.  
The implementation of (SARA/ARGET) ATRP in the presence of oxygen was 
first reported by Matyjaszewski in 1998 who demonstrated that the oxygen present in 
a sealed vessel could be scrubbed via oxidation of Cu(I) into Cu(II).172 This process 
led to accumulation of the Cu(II) deactivator, necessitating the addition of a reducing 
agent (Cu(0) powder in this case) in order to regenerate the active Cu(I) species. 
Although for the sealed reactions an induction period and slower polymerization rate 
were observed, the obtained polymers exhibited controlled molecular weight and 
dispersity at high conversions, as well as high end-group fidelity which allowed for 
block copolymerizations.173 Notably, the open-to-air reactions did not result in 
polymerization.  
O2-tolerance through extrinsic reducing agents  
 In a so-called oxygen tolerant Cu-RDRP system, the removal of oxygen is 
synergistically dependent on all the components including the initiator, the catalyst 
system which involves the copper species and the ligand, even the monomer and the 
solvent.147,174,175 However, in some Cu-RDRP platforms the need for external reducing 
agents is necessary for a successful polymerization when no deoxygenation is applied. 
There have been reports about the ability of oxygen to initiate the polymerization in 
the presence of a suitable Cu-complex, yielding polymers with low dispersity values 
but uncontrolled molecular weights.176 Hence, reducing agents that could regenerate 
the deactivator leading to control over the molecular weights were employed, with 
these approaches being known as either Activator Generated by Electron Transfer 
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(AGET-) ATRP, or Activator ReGenerated by Electron Transfer (ARGET-) ATRP 
(when low ppm of the catalyst are used).76,78  
 Following this approach, Gnanou and Hizal employed phenolic compounds in 
the presence of Cu(II)/PMDETA for the AGET-ATRP of vinyl monomers, in the 
presence of air.177 The aim of the phenol addition was the reduction of the catalyst 
complex, or Cu(II) which occurs from the oxidation of the catalyst Cu(I). As a result, 
molecular weights higher than the theoretical values were obtained, along with the 
presence of induction periods. In the same context, Matyjaszewski’s group employed 
ascorbic acid as reducing agent for the mini-emulsion AGET-ATRP of n-butyl acrylate 
in the presence of air, resulting in negligible induction periods, whilst high 
concentration of the reducing agent was needed in order to achieve efficient 
polymerization rates.178 The same concept was followed by the same and other groups, 
for the A(R)GET-ATRP and SET-LRP (from Percec’s group) of vinyl monomers, with 
the use of various compounds which act as extrinsic reducing agents including ascorbic 
acid,179–183 hydrazine,80,184–186 glucose179,187 and tin(II) 2-ethylhexanoate 
(Sn(EH)2).
188–191 
O2-tolerance through enzyme deoxygenation 
 The concept of enzyme deoxygenation was, as mentioned earlier, initially used 
in order to avoid O2-inhibition in free radical polymerization.
155,156 The successful 
implementation of GOx inspired researchers to introduce the same concept in RAFT 
and subsequently in Cu-RDRP, in order to replace conventional deoxygenation and 
expand the scope of Cu-RDRP towards lower volumes which would facilitate the 
implementation of these systems on bio-approaches. Matyjaszewski and colleagues, 
recently (2018) utilized GOx along with sodium pyruvate for the ICAR-ATRP of 
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ligo(ethyleneoxide)methylethermethacrylate (OEOMA500).
192 In this system, GOx 
catalyzed the oxidation of glucose into d-glucono-1,5-lactone and hydrogen peroxide 
(H2O2), with the latter being removed by the sacrificial substrate sodium pyruvate, in 
order to avoid the generation of new chains by H2O2. Their initial study was 
subsequently followed by the application of GOx for the deoxygenation of ARGET, 
ICAR, photo- and electrochemically mediated (eATRP) ATRP, in miniemulsion and 
emulsion, with low ppm of catalyst.193 Furthermore, the same group reported on the 
synthesis of (DNA- and BSA-) bioconjugates through ICAR-ATRP, in which 
continuous air supply was applied.194 In this case, GOx was used for the conversion of 
β-D-glucose and oxygen into gluconate and H2O2, with the latter being used along with 
acetylacetonate as substrate for horseradish peroxidase which, in turn, supplies the 
system with radicals. The reaction of the generated radicals with the monomer, led to 
carbon-based radicals which could reduce Cu(II) into Cu(I), providing the active 
catalyst species for ICAR-ATRP following the described biocatalytic cascade.  
(Figure 1-8). 
 
Figure 1-8. The biocatalytic cascade which starts from the GOx-catalyzed oxidation 
of glucose and ultimately leads to the generation of polymers in the presence of 
constant air supply. Figure reproduced from reference 194. 
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Achieving O2-tolerance through headspace elimination  
In 2018, Liarou, Haddleton et al., reported on the Cu(0)-RDRP of 
(meth)acrylates, styrene and acrylamides in organic and aqueous media, without any 
type of external deoxygenation or addition of extrinsic reducing agents.175 By 
eliminating the headspace and upfilling the vessel with the reaction solution, the 
concentration of gaseous oxygen was significantly reduced, whilst the solution 
reaction still containing the dissolved oxygen included in the polymerization 
components. The application of an oxygen probe for the in-situ monitoring oxygen 
concentration in the polymerization solution showed that the all the components 
synergistically contributed to full oxygen consumption after 4 minutes of the start of 
the reaction. Furthermore, the O2-reducing ability of each component was examined 
individually, leading to the conclusion that the initiator (ethyl α-bromoisobutyrate, 
EBiB), the Cu(0)-wire and the complex (Cu(II)Br2/Me6Tren) could individually lead 
to oxygen consumption when combined with the monomer (methyl acrylate, MA) and 
the solvent (DMSO), but the combination of all was the key-step to fast and full oxygen 
consumption (Figure 1-9). Although  polymerization without headspace had very 
small induction period, the reactions conducted in bigger vessels had longer induction 
periods, analogous to the extent of headspace. Finally, the no-headspace 
polymerization exhibited controlled molecular weights and low dispersity values at 
quantitative conversions, for a range of monomers. Even in vessels with small 
headspace, the end-group fidelity was high, leading to in-situ chain extensions.  
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Figure 1-9. Line graphs illustrating a) the effect of the headspace and b) the effects of 
Cu(0) wire, EBiB (I), and Me6Tren (L) on the evolution of the dissolved oxygen 
concentration during polymerization. 
 
O2-tolerance in photoinduced Cu-RDRP 
 External control over the Cu-RDRP dynamic equilibrium can be achieved 
through many stimuli including electrochemical and light. Light in particular has 
proved to be highly advantageous since it offers excellent regulation of the 
active/dormant species ratio and apart from that, it is a benign and versatile stimulus. 
The non-deoxygenated photoATRP was studied by Mosnacek and colleagues. In their 
studies, irradiation at λ > 350 nm and Cu(II)Br2/TPMA as the catalyst complex were 
employed for the photoATRP of methyl methacrylate (MMA). It was shown that the 
photopolymerization exhibited and induction period which was only shortened when 
4-fold excess of TPMA with respect to copper was used.195 in the  mechanistic pathway 
that was proposed, the Cu(II)Br2/ligand complex undergoes photochemical reduction 
upon photoirradiation, leading to the active Cu(I)Br/ligand species. The latter can 
either undergo oxidation in the presence of oxygen to for Cu(II)Br(O2), or activate the 
alkyl halide initiator, leading to the formation of radicals. Furthermore, it was 
a) b)
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speculated that the free amine ligand could also participate in oxygen consumption. 
The photoATRP equilibrium is reached when full oxygen consumption has occurred 
(Figure 1-10). In a subsequent report by the same group, the effect of light intensity, 
ligand and the oxygen concentration were also investigated, showing that the evolution 
of a non-deoxygenated photoATRP is dependent on many parameters in order to reach 
good control over the macromolecular characteristics of the synthesized polymers. 196 
 
Figure 1-10. Simplified mechanism of photoATRP in the presence of oxygen, as 
proposed by Mosnacek and colleagues. Figure reproduced from reference 195. 
 
 The addition of triethylamine as reducing agent was used by Poly and 
colleagues for the non-deoxygenated photoATRP of MMA with Cu(II)/1,10- 
phenanthroline as the catalyst complex and upon irradiation with high intensity blue 
LED light. Their findings, although involved long induction periods and higher than 
expected molecular weights, verified the versatility of the approach when mild 
irradiation is applied.197  
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 In 2019, Liarou, Haddleton and co-workers demonstrated the photoinduced 
Cu-RDRP of various hydrophobic, hydrophilic and semi-fluorinated (meth)acrylates 
in ultralow volumes (as low as 5 μL), without applying any type of extrinsic 
deoxygenation.174 The online monitoring of the dissolved O2 concentration, which was 
conducted through an oxygen probe, showed that the generation of sufficient amounts 
of active copper species was the requirement for efficient O2-consumption, with the 
synergy of all the components leading to oxygen-free solutions as fast as 4 minutes. 
This approach was compatible with very low volumes (5-200 μL), as well as higher 
scales (i.e. 0.5 L). 
This dissertation aims to introduce the next generation of RDRPs, by 
developing a series of oxygen tolerant Cu-RDRP platforms. Due to its simplicity, the 
work included in this thesis can possibly establish Cu-RDRP as a fully oxygen tolerant, 
versatile synthetic platform even for non-experts. Focusing on expanding the scope 
and applicability of Cu-RDRP,  three different approaches are presented and discussed, 
including Cu(0)-wire mediated RDRP without external deoxygenation, ultra-low 
volume photoinduced Cu-RDRP and self-deoxygenating aqueous Cu-RDRP via pre-
disproportionation of Cu(I). In contrast to existing approaches which add complexity 
to the several CRP approaches by relying on externally added reducing agents, the 
simplicity of this work lies on the circumvention of externally added reducing agents, 
oxygen scavengers and radical sources, along with the absence of any type of 
conventional deoxygenation (i.e. freeze-pump-thaw cycles or gas sparging). The 
oxygen-free environment is achieved through the reducing activity of the 
polymerization components which if not present,  the polymerization would not 
commence in a controlled manner. Additionally, an important aspect of these 
platforms is that four different polymer families can be synthesized (e.g. acrylates, 
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methacrylates, styrene, acrylamides), in various media (organic and aqueous) and at 
different temperatures and scales, rendering these platforms flexile toolkits for the 
synthesis of different materials. Although the synthetic pathways which are developed 
in this current work are contacted in the presence of air/oxygen, these approaches 
exhibit excellent control over the polymerization which is depicted in  the controlled 
macromolecular characteristics (controlled molecular weights, low Ð, near-
quantitative monomer conversions) of the synthesized polymers. Apart from the 
development of Cu-RDRP as a robust, oxygen-tolerant platform, the mechanistic 
pathways of oxygen consumption are investigated in each approach, not only with the 
use of state-of-the-art analytical tools, but also by employing for the first time a fibre-
optic oxygen probe, for the in-situ online monitoring of the dissolved oxygen.  
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Chapter 2. 
 Copper mediated polymerization 




Overcoming the challenge of rigorous deoxygenation in copper mediated controlled 
radical polymerization processes (e.g. ATRP), a simple Cu(0)-RDRP system in the 
absence of external additives (e.g. reducing agents, enzymes etc.) is investigated. By 
simply adjusting the headspace of the reaction vessel, a wide range of monomers, 
namely (meth)acrylates, acrylamides and styrene was be polymerized in a controlled 
manner yielding polymers with low dispersity value, near-quantitative conversions 
and high end-group fidelity. Significantly, this approach is scalable ( ~  125 g), tolerant 
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to elevated temperatures, compatible with both organic and aqueous media and does 
not rely on external stimuli which may limit the monomer pool. The robustness and 
versatility of this methodology was further demonstrated by the applicability to a 
number of other copper mediated techniques including conventional ATRP and 
photoinduced Cu-RDRP.  
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2.1 Introduction  
The employment of RDRP systems has provided numerous advantages to the  
field of polymer science, since it has given access to polymeric materials with 
functionality, controlled dispersity and molecular weights, as well as designed 
architecture.1–10 Among the various reversible deactivation radical polymerization 
(RDRP) methods, reversible-deactivation chain-transfer polymerization (RAFT),4,11,12 
single electron transfer-living radical polymerization (SET-LRP),13,14 and atom 
transfer radical polymerization (ATRP)15,16 are the most popular since their 
implementation provides a big range of materials which are excellent candidates for 
diverse applications. 
Despite  the numerous advantages provided by these techniques, a commonly 
known obstacle for their successful implementation is their sensitivity to oxygen. The 
integrity and precision of the generated materials is considered to be compromised by 
potential oxygen contamination during the polymerization which can react with 
carbon-centred radicals (as well as metal complexes) and irreversibly alter the reaction 
components (e.g. initiator/macroinitiator, catalyst etc.).17–19 In this context, the 
polymerization is leaded to cessation, with terminated polymer chains and/or 
inefficient catalysts. To avoid these undesired events and eliminate oxygen from the 
polymerization mixture, stringent anaerobic conditions are traditionally applied, such 
as freeze pump thaw and inert gas sparging (nitrogen and argon most commonly).20–22 
Although these methods provide efficient oxygen removal, they are not always 
advantageous for a polymerization.   
The  majority of RDRP polymerizations involve volatile components such as 
the monomer and the solvent. Thus, gas sparging can lead to evaporation of these 
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components, eventually resulting in deviations between the theoretical and 
experimental yields (deviations commonly related to the molecular weights).22,23 On 
the other hand, the freeze-pump-thaw approach can be incompatible with biomolecules 
such as enzymes and proteins, leading to their aggregation/denaturation.24,25 Thus, the 
stringent anaerobic conditions required for most RDRP methods, apart from being 
costly and time-consuming, also limit their potential applications. 
 On account of this, considerable interest has been directed towards oxygen 
tolerant polymerization methods aiming to simplify the polymerization protocol and 
eliminate the above-mentioned deoxygenation techniques (Scheme 2-1).26,27 In 1998, 
Matyjaszewski and colleagues reported on the ATRP of MMA and styrene in the 
presence of oxygen.28 By adding excess of the catalyst complex Cu(I)Br/dNbpy and 
Cu(0) powder as reducing agent for the accumulated Cu(II), control over the 
polymerization was achieved, whilst slow polymerization rates were evident. Percec 
and co-workers reported on the SET-LRP of acrylates in the presence of oxygen. In 
their system, Cu(0) could reduce oxygen, leading to the generation of Cu2O. For this 
reason, hydrazine hydrate was added as a reducing agent for Cu2O into Cu(0).
29 In 
earlier reports, Chapman et al. employed the enzyme glucose oxidase (GOx) to 
effectively deoxygenate traditional RAFT polymerizations.30,31 Boyer and co-workers 
exploited photoinduced electron transfer (PET)-RAFT to produce polymeric materials 
in open reaction vessels by either increasing the concentration of the photo-catalyst or 
employing a reducing agent (e.g. ascorbic acid).32–35 Matyjaszewski’s group also 
employed GOx in order to continuously convert oxygen to carbon dioxide, along with 
the addition of sacrificial substrates, for ICAR-ATRP in air.36,37  
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Scheme 2-1. Oxygen tolerant approaches for RDRPs 
 
Despite these great developments, the vast majority of the current approaches rely 
on either light activation or the use of extrinsic oxygen scavengers such as reducing 
agents (i.e. ascorbic acid, hydrazine, phenols) and enzymes which although efficient, 
require the addition of sacrificial reagents for their successful application. The 
utilization of light as an external stimulus may limit the monomer pool as strongly 
absorbing monomers, including chromophores, would be incompatible with these 
techniques. Apart from that, the oxygen tolerant photo-mediated methods can be 
incompatible with specific enzymes and proteins as the secondary structure can be 
disrupted through irradiation.38,39 Additionally, external reducing agents and enzymes 
can be costly, interfere with the monomer structure, be temperature dependent or alter 
the pH of the polymerization mixture,40 thus significantly increasing the complexity 
of a given system.41 Further limitations of the reported methods include the risk of 
External stimuli / additives
ascorbic acid enzymes (GOx)
No external stimuli /additives
headspace elimination
light hydrazine
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generating additional chains through side products,36 as well as the incompatibility 
with a wide range of monomers, temperatures and solvents.  
 In this chapter, an alternative system to the existing oxygen tolerant 
approaches, less complex and independent of extrinsic reducing agents, is investigated 
and discussed. The Cu(0) wire-mediated RDRP of various acrylates and styrene was 
conducted in controlled manner by simply eliminating the headspace in the 
polymerization reaction. With this approach, control over the polymerization was 
achieved, with low dispersity values (Đ < 1.2) and good agreement between 
experimental and theoretical Mn values being observed at quantitative conversions. 
Furthermore, high end-group fidelity was maintained, allowing for in-situ chain 
extensions and block-copolymerizations in the presence of oxygen. This approach was 
also scalable ( ~ 125 g),  tolerant to elevated temperatures and compatible with both 
organic and aqueous media. Apart from Cu(0)-wire mediated RDRP, this methodology 
was compatible with conventional ATRP.  
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2.2 Results and Discussion 
Initially, an 8 mL volume Cu(0)-wire catalyzed polymerization reaction was 
conducted in a 28 ml unsealed vial, with methyl acrylate (targeting DPn  =  50) as the 
monomer, ethyl α-bromoisobutyrate (EBiB) as the initiator, tris-(2-
(dimethylamino)ethyl)amine (Me6Tren) as the ligand and dimethyl sulfoxide (DMSO) 
as the solvent,  in the absence of any commonly employed deoxygenation procedures 
(i.e. nitrogen sparging  or freeze-pump-thaw). Although the reaction was left to 
proceed for >48 hours, no polymerization was evidenced, an observation which was 
attributed to the constant diffusion of oxygen in the polymerization reaction. Upon 
sealing the vial with a septum (or a screw lid, Figure 2-1a, Table 2-1) the 
polymerization reached near-quantitative conversion within 11 h, achieving 
dispersities as low as 1.10. Although a narrow molecular weight distribution was 
observed, the experimental molecular weight (6600 g mol-1) deviated significantly 
from the theoretical value (4500 g mol-1), an observation indicative of low initiator 
efficiency (f ), which was subsequently verified through 1H NMR (Table 2-1, Figure 
2-11). In order to further clarify this, an identical experiment was conducted where 
freeze-pump-thaw cycles were used to thoroughly deoxygenate the reaction mixture 
prior to polymerization (Figure 2-1d, Table 2-1), leading to much lower molecular 
weights (5300 g mol-1). This observation suggests that part of the initiator is consumed 
during the early stages of the non-deoxygenated polymerization, leading to higher than 
expected molecular weights. Based on these results, it was hypothesized that under 
these conditions, the initiator is somehow acting as an oxygen scavenger prior to the 
polymerization.  
Since the presence of oxygen, both dissolved and in the gaseous was 
significant, it was speculated that reduction of the headspace within the vial would 
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lead to lower concentration of oxygen, thus contributing to improved initiator 
efficiencies. Indeed, by maintaining the reaction volume constant at 8 ml and altering 
the size of the vial from 28 ml (20 ml of headspace) to 20 ml (12 ml of headspace) and 
8 ml (zero headspace), the initiator efficiency was significantly improved (Table 2-1, 
Figures 2-11&12), yielding polymers with 6200 g mol-1 and 5200 g mol-1 respectively 
(Figure 2-1).  
 
















- 4 98 4400 5300 1.08 >99 
8 mL vial 0 4 96 4300 5200 1.07 >99 
20mL vial 12 6 96 4300 6200 1.07 84 
28 mL vial 20 11 96 4300 6600 1.10 78 
a[MA]:[EBiB]:[Cu(II)Br2]:[Me6Tren]  =  50:1:0.05:0.18 in DMSO (50%, v/v) solvent. b Determined by THF-SEC 
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Figure 2-1. SEC traces for PMA with targeted DPn  =  50 in different vial sizes (a-c) 
and d) upon freeze-pump-thaw deoxygenation with [MA]:[EBiB]:[CuBr2]:[Me6Tren]  
=  [50]:[1]:[0.05]:[0.18] and DMSO as solvent (50% v/v). 
 
Thus, in the absence of any deoxygenation procedures and by simply 
eliminating the headspace within the vessel, similar initiator efficiencies, rates of 
reaction and control over the polymerization in comparison to the externally degassed 
system were achieved (Table 2-1, Figure 2-1, Figure 2-10). Kinetic experiments 
showed that the reaction without headspace followed fast polymerization rates in 
comparison to the other two cases where headspace was present, yielding 95 % 
monomer conversion after 2.5 h (Table 2-2, Figure 2-2). Noteworthy is that for the 
polymerizations in the presence of headspace which exhibited lower polymerization 
rates, accumulation of the deactivator Cu(II) is visually evident, as suggested by the 
characteristic deep green colour (Figure 2-20). The synthetic facility of this approach 
was further demonstrated by performing the polymerization in a multi-gram scale ( ~  
125 g) with well-defined poly(MA) obtained (Đ ~ 1.10) at high yields (>90% 
conversion) (Figure 2-12).  
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Table 2-2. 1H NMR and SEC analysis for the kinetics of PMA with targeted DPn  =  











0.5 47 2100 2500 1.09 
1 86 3900 4700 1.07 
1.5 91 4100 5100 1.07 
2 93 4200 5100 1.08 
2.5 95 4300 5300 1.08 
3 96 4300 5300 1.08 
3.5 96 4300 5300 1.08 
4 97 4400 5500 1.08 
a[MA]:[EBiB]:[Cu(II)Br2]:[Me6Tren]  =  50:1:0.05:0.18 in DMSO (50%, v/v) solvent. b Determined by THF-SEC 
analysis based on DRI.  
 
 
Figure 2-2. Deoxygenation-free polymerization kinetics for PMA with targeted DPn  
=  50 in the absence of headspace with a) conversion and ln[M0/Mt] versus time and 
b) SEC traces illustrated. 
 
To explore the utility of this system across a wide range of molar masses, the 
ability of targeting higher degrees of polymerization was investigated. Under 
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otherwise identical conditions, targeting DPn  =  100-1000 resulted in high conversions 
(89-97%), low Đ (1.06 - 1.13) and good agreement between theoretical and 
experimental molecular weights (Table 2-3, Figure 2-3). It should be noted that 
overall, for higher targeted molecular weights, longer reaction times were required, as 
expected.42 Although the Cu(0)-RDRP of PMA with targeted DPn  =  50 reached near-
quantitative conversion after  ~ 2.5 h, the synthesis of PMA with targeted DPn  =  1000 
lasted for  ~ 20 h. This can be attributed to the lower initiator efficiency, especially in 
the presence of oxygen, where the initiator participates in oxygen consumption, thus 
less initiator is available for the polymerization. The role of the initiator in oxygen 
consumption will be described later in this chapter, in the oxygen consumption 
mechanism section.  
 
Table 2-3. 1H NMR and SEC analysis for the Cu(0)-mediated RDRP kinetics of MA 











100 97 8500 11700 1.09 
200 95 16500 20000 1.16 
400 91 31500 35000 1.09 
600 90 46700 48200 1.11 
1000 89 79400 87000 1.13 
a [MA]:[EBiB]:[Cu(II)Br2]:[Me6Tren]  =  50:1:0.05:0.18 in DMSO (50%, v/v) solvent. b Determined by THF-SEC 
analysis based on DRI. 
 




Figure 2-3. THF-SEC traces for PMA with DPs 100-1000 synthesized via Cu(0)-
RDRP in the absence of deoxygenation.  
 
Apart from DMSO which is a commonly used solvent for Cu-RDRP, under 
these optimized conditions (headspace elimination) the polymerization was screened 
in a selection of organic solvents including acetonitrile, toluene, methanol, isopropanol 
and trifluoroethanol. In all cases, well-defined polymers with low dispersity values 
and high yields were obtained (Figure 2-13, Table 2-4), expanding the scope of this 
approach to polymerizations that require different media other that DMSO. This 
approach is effective in both homogeneous (e.g. hexyl acrylate in TFE, Figure 2-4b) 
and heterogeneous/biphasic systems (e.g. n-butyl acrylate in DMSO,43 Figure 2-4a) 
with the same level of control, highlighting the robustness of this system. Finally, when 
water was employed as the solvent for the non-deoxygenated Cu(0)-RDRP of the 
hydrophilic PEGA480 with targeted DPn  =  10 (Figure 2-14, Table 2-4), well-defined 
poly(PEGA)10 was obtained with low final dispersity (Đ ~ 1.2), thus expanding the 
applicability of the methodology to both organic and aqueous media, as well as 
hydrophobic and hydrophilic monomer families. The compatibility of this approach 
was verified to a greater extent when additional monomer families apart from acrylates 
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were investigated. Using previously established polymerization protocols,42,44 
methacrylates (i.e. PMMA, Table 2-4, Figure 2-4c & 2-15, Scheme 2-2) and styrene 
(Table 2-4, Figure 2-4d & 2-16, Scheme 2-3) were successfully polymerized yielding 
well-controlled polymers with narrow molecular weight distributions in the absence 
of any standard deoxygenation.  It should be noted that for the polymerization of MMA 
and styrene, methyl-α-bromophenylacetate (MBPA) was used as initiator, and 
PMDETA was used as ligand for PSt, based on previous literature.44  
Table 2-4. 1H NMR and SEC analysis for the Cu(0)-mediated RDRP kinetics of MA 







Đ Solvent Initiator 
PMA50 >99 4500 5600 1.11 MeCN EBiB 
PMA50 95 4300 4900 1.09 IPA EBiB 
PMA50 98 4400 4900 1.10 Tol-MeOH EBiB 
PMA50 >99 4500 5200 1.07 TFE EBiB 
P(n-BA)50 99 6500 8800 1.16 DMSO EBiB 
P(HA)50 99 8000 9000 1.07 TFE EBiB 
P(PEGA480)10 82 4100 3700 1.18 H2O EBiB 
PMMA50
c 77 4100 7800 1.15 DMSO MBPA 
PSt50
d 91 5000 
 
5400 1.20 IPA MBPA 
a [Monomer]:[Initiator]:[Cu(II)Br2]:[Me6Tren]  =  50:1:0.05:0.18 in 50%, v/v solvent. b Determined by THF-SEC 
analysis based on DRI. c Polymerization conducted at ambient temperature with Me6Tren as ligand d Polymerization 
conducted at 60 oC with PMDETA as ligand.  
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Figure 2-4. THF-SEC derived molecular weight distributions for a) P(n-BA)50, b) 
P(HA)50, c) PMMA50 (at ambient temperature) and d) PSt50 synthesized via Cu(0)-
RDRP (at 60 oC) in the absence of deoxygenation.  
 
A fundamental requirement of a controlled polymerization is the retention of 
active chain-ends, since it allows for production of diverse materials with combined 
properties.45,46  The chain-end fidelity for PMA was determined by analysis of a low 
molecular weight sample (DPn  =  25). Matrix assisted laser desorption-ionization time-
of-flight mass spectrometry (MALDI-ToF-MS) revealed a single peak distribution 
corresponding to m/z values for polymer chains comprising of the expected chain-ends, 
initiated with EBiB and capped by bromine (Figure 2-5). Furthermore, it was shown 
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Figure 2-5. MALDI-ToF-MS spectra of PMA with targeted DPn  =  25 and actual DPn  
=  27, synthesized via Cu(0)-RDRP in the absence of deoxygenation. The single peak 
distribution indicates that the majority of the polymer chains are Br-capped. 
 
Characterization by 1H-NMR also confirmed the bromine ω-functionality to be 
close to 100% when comparing signals corresponding to the ω-terminal methine signal 
with the CH3 groups of the isobutyrate group of EBiB. The synthetic utility of these 
chain ends was then explored by in-situ re-initiation of the macroinitiator with a second 
aliquot of MA (Figure 2-6a), as well as with the synthesis of the PMA50-b-PHA50 
diblock copolymer (Figure 2-6b). Although a clear shift to higher molecular weights 
was observed, a small low molecular weight shoulder was evident by SEC in both 
cases, indicating some termination events (Figure 2-6a&b, Table 2-5). This was 
attributed to the introduction of additional dissolved oxygen with the second monomer 
aliquot which was then responsible for the termination of propagating radicals. To 
verify this, the synthesis of the first poly(MA) block was repeated as previously, in the 
absence of any freeze pump-thaw or nitrogen sparging. Upon reaching near-
quantitative conversion (> 97%), a second aliquot of deoxygenated MA was then 
added (Figure 2-17, Table 2-5). In this case, very good control was observed with the 
molecular weight distribution completely shifting to higher molecular weights and a 
2000 2500 3000
m/zm/z m/z
DP 27 DP 28
[M+Na]+th. = 2541.9
[M+Na]+exp. = 2541.9
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final dispersity as low as 1.06. This data suggests that the end group fidelity of the 
initial block was indeed close to 100% prior to the addition of the second monomer 
and that it is the dissolved oxygen that is responsible for the observed small amount of 
termination.  
 
Table 2- 5. 1H NMR and SEC analysis for the in-situ chain extensions synthesized via 
Cu(0)-RDRP in the absence of deoxygenation.a 
a [MA]:[EBiB]:[Cu(II)Br2]:[Me6Tren]  =  50:1:0.05:0.18 in DMSO (50%, v/v) solvent for the 1st block. For the 2nd 
block / chain extension 50 eq. of the second monomer were added with respect to macroinitiator.    















97 6200 1.05 
PMA50-PMA50
 d 76 12900 1.06 
PMA50




97 6300 1.06 
PMA50-PMA50
 d 95 12600 1.08 
PMA50
  c 
None 
 
99 6500 1.08 
PMA50-PHA50
 d 76 14800 1.10 
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Figure 2-6. Reaction scheme (top) and SEC traces (bottom) for a) the in-situ chain 
extension of PMA50 with MA (50 eq.) and b) the block copolymer PMA50-b-PHA50. 
 
Since the concentration of oxygen significantly affects the fate of the 
polymerization and the macromolecular characteristics of the obtained polymers, a 
fibre-optic oxygen probe was employed for the online monitoring of the dissolved O2 
concentration present in the polymerization solution over time (Figure 2-7).  The 
online O2 monitoring measurements showed that in the presence of bigger headspaces 
(i.e. 20 and 12 ml), the oxygen consumption was slow, requiring one hour to reach ~ 
2 mg/ L and ~ 0.8 mg/ L, respectively (typical initial dissolved oxygen concentration 
is  ~ 7 mg/L). On the contrary, upon eliminating the headspace, the oxygen was rapidly 
consumed within 5 min ( ~  0 mg/L) explaining the shorter reaction times observed for 
this system ( ~  2 h for the polymerization to reach completion) in comparison to the 
increased headspace (6-11 h to reach completion) (Figure 2-8).  
a) b)
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Figure 2-7. Setup of the in-situ monitoring of the dissolved O2 concentration in a 
typical, not externally deoxygenated, Cu(0)-mediated RDRP. 
 
 
Figure 2-8. Line graphs illustrating the dissolved O2 concentration over time for the 
reactions with a) 20 mL headspace (black), b) 12 mL headspace (red) and c) no 
headspace (blue).  
 
These findings come in agreement with the polymerization results in the three 
different vessels, indicating that the prolonged reaction times observed for the cases 
where headspace was present, can be attributed to the high concentration of oxygen. 
As has already been reported, the presence of oxygen leads to induction periods which 
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are related to the time needed for oxygen consumption. When all the amount of oxygen 
reacts with either carbon-centred radical (mainly initiating radicals) or the metal 
catalyst species, then initiation of the polymerization starts.28,47 Although the graphs 
in Figure 2-8 illustrate the evolution of dissolved [O2] in the polymerization solution 
over time, the role of the individual components on the oxygen consumption 
mechanism is not provided. In order to provide insights on which component is 
responsible for the oxygen consumption, each component of the polymerization was 
measured individually.  
Initially, the solvent (DMSO) and the monomer, as well as a solution with both, 
were measured showing no oxygen consumption even after 1 h. Lack of oxygen 
consumption within 1 h was also evident for the solutions which included DMSO, MA 
and either only initiator or Cu(0)-wire (Figure 2-18). Subsequently,  a standard 
solution of MA, DMSO, Cu(II)Br2 and Me6Tren was prepared. In the absence of 
Cu(0)-wire and initiator very little, if any, oxygen consumption was observed within 
1 h, suggesting that the ligand had very limited reactivity with oxygen. It should be 
noted that the presence of free ligand is considered to play important role on the oxygen 
consumption in photoinduced polymerizations (i.e. photoinduced Cu-RDRP, 
photoATRP), where ligand-derived radical cations are generated.27,48–50  
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Figure 2-9. Line graphs illustrating the effects of Cu(0)-wire, EBiB (I), and Me6Tren 
(L) on the evolution of the dissolved O2 concentration during polymerization.  
 
In the absence of initiator (when only Cu(0)-wire was present) a complete 
oxygen consumption took place in 42 min, highlighting the capability of Cu(0)-wire 
to act as a reducing agent (Figure 2-9). In this context, since the Cu(0)-wire alone in 
a MA/DMSO solution showed no oxygen consumption, it is hypothesized that its 
presence facilitates the reduction of Cu(II) into lower oxidation state species which are 
capable of oxidation, hence leading to oxygen consumption. Furthermore, these 
experiments suggest that the initiator is also responsible for the oxygen consumption, 
since upon addition of EBiB (in the absence of Cu(0)-wire), fast rates of oxygen 
consumption were observed (Figure 2-9). However, it should be noted that when the 
initiator was examined in the absence of copper species and ligand (only with M and 
DMSO), no oxygen consumption took place (Figure 2-18). This is further supported 
by the lower initiator efficiency observed in the presence of bigger headspaces, the 
longer reaction times when targeting polymers of higher molecular weights (lower 
concentration of initiator would lead to slower oxygen consumption) and by the 
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incapability of the system to afford “perfect” in-situ block copolymers. As such, the 
initiator can only participate in oxygen consumption when the complex is present, and 
this observation might be correlated with ability of the initiator to react with the Cu-
complex, participating in the coordination sphere of the latter, and thus also leading to 
the formation of primary radicals which can react with oxygen.48   Nevertheless, when 
both Cu(0)-wire and initiator were present, the oxygen was consumed within 5 min 
(twice as fast as when only initiator was present). It is concluded that fast oxygen 
consumption occurs when all the components of the polymerization are present 
(Figure 2-9) and thus, synergistically contribute to the oxygen-tolerant behavior of 
this methodology. Subsequently, the compatibility of this methodology with other 
copper mediated protocols was investigated. For this reason, the conventional (or 
normal) ATRP (when only CuBr is employed) of MMA with targeted DPn  =  100 was 
conducted in toluene as the solvent and at 90 oC,51 by eliminating the headspace and 
in the absence of any external deoxygenation methods. As a result, PMMA with low 
dispersity and high yields was obtained (Figure 2-19).  
As a result, the proposed methodology which is based on the elimination of 
headspace in order to avoid conventional deoxygenation approaches, is compatible 
with both Cu(0)-RDRP conducted at ambient temperature ( ~ 25 oC) and above (60 oC 
for the polymerization of styrene), as well as conventional (Cu(I)-mediated) ATRP 
where temperature of 90 oC is applied.   
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2.3 Conclusion  
In this chapter, a simple and versatile oxygen tolerant Cu(0)-RDRP methodology 
without the addition of extrinsic oxygen scavengers or reducing agents, is presented 
and discussed. In the absence of conventional deoxygenation techniques, including 
freeze-pump-thaw and gas sparging, the key-step for the successful implementation of 
Cu(0)-RDRP is the elimination of the vessel’s headspace. Upon optimization of the 
reaction scale in order to avoid the presence of gaseous oxygen, well-defined 
poly(acrylates) in a range of molar masses were obtained. The robustness of the 
proposed methodology was verified with the controlled polymerization of a range of 
monomer families, including hydrophobic and hydrophilic acrylates, biphasic systems 
(P-nBA in DMSO), methacrylates and styrene. The versatility of this approach was 
further expanded to various temperatures (i.e. from ambient up to 90 oC) and solvents, 
including both organic and aqueous media. The high end-group fidelity maintained, 
provided access to in-situ chain extensions and block copolymers, without applying 
any type of extrinsic deoxygenation. The profile of oxygen consumption in the 
polymerization was examined through an oxygen probe, and the role of the 
polymerization components was individually examined and discussed. Conclusively, 
the user-friendly and in parallel versatile nature of this approach expands the current 
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2.4 Experimental section  
2.4.1 Materials  
All materials were purchased from Sigma-Aldrich or Fischer Scientific and used 
as received unless otherwise stated. Copper(I) bromide (CuBr, 98%, Sigma-Aldrich) 
was washed with acetic acid and ethanol and dried under vacuum prior to use. Metallic 
copper (Cu0) in the form of wire (gauge 0.25 mm) was purchased from Comax 
Engineered wires and purified by immersion in concentrated 37 % HCl for 15 minutes, 
subsequently rinsed with distilled water and acetone, and dried with compressed air 
prior to use. Tris-(2-(dimethylamino)ethyl)amine (Me6Tren) was synthesized 
according to the literature and stored in the fridge.52 N,N,N′,N′′,N′′- 
pentamethyldiethylenetriamine (PMDETA) was distilled prior to use. N-(n-Propyl)-2-
pyridylmethanimine was synthesized according to literature procedure and stored 
under a nitrogen atmosphere prior to use.51  
2.4.2 Instrumentation and Characterization techniques  
Proton Nuclear Magnetic Resonance (1H NMR) 
1H NMR spectra were recorded on Bruker DPX-300 or DPX-400 spectrometers in 
deuterated chloroform (CDCl3) or deuterium oxide (D2O) obtained from Sigma-
Aldrich. Chemical shifts are given in ppm downfield from the internal standard 
tetramethylsilane. Monomer conversions were determined via 1H NMR spectroscopy 
by comparing the integrals of monomeric vinyl protons to polymer signals.  
 
Size Exclusion Chromatography (SEC) 
THF. SEC measurements were carried out with an Agilent 390-LC MDS 
instrument equipped with differential refractive index (DRI), viscometry (VS), dual 
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angle light scatter (LS) and dual wavelength UV detectors. The system was equipped 
with 2 x PLgel Mixed C columns (300 x 7.5 mm) and a PLgel 5 µm guard column. 
The eluent was THF with 2 % TEA (triethylamine) and 0.01 % BHT (butylated 
hydroxytoluene) additives. Samples were run at 1 mL / min at 30 oC. Poly(methyl 
methacrylate) and polystyrene standards (Agilent EasyVials) were used to create a 
third order calibration between 550 gmol-1 and 1,568,000 gmol-1. Analyte samples 
were filtered through a GVHP membrane with 0.22 μm pore size before injection. 
Respectively, experimental molar mass (Mn,SEC) and dispersity (Đ) values of 
synthesized polymers were determined by conventional calibration using Agilent 
GPC/SEC software (version A.02.01). 
 
Matrix assisted laser desorption-ionization time-of-flight mass spectrometry 
(MALDI-ToF-MS).  
MALDI-ToF-MS measurements were conducted using a Bruker Daltonics 
Ultraflex II MALDI-ToF mass spectrometer, equipped with a nitrogen laser delivering 
2 ns laser pulses at 337 nm with positive ion ToF detection performed using an 
accelerating voltage of 25 kV. Solutions in tetrahydrofuran (THF) (50 µL) of trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propyldene] malononitrile (DCTB) as a matrix 
(saturated solution), sodium iodide as the cationization agent (1.0 mg mL−1) and 
sample (1.0 mg mL−1) were mixed, and 0.7 µL of the mixture was applied to the target 
plate. Spectra were recorded in reflectron mode calibrated with Poly(ethylene glycol) 
monomethyl ether (PEG-Me) 1900 kDa. 
Oxygen Probe. Pocket Oxygen Meter - FireStingGO2 (Pyro Science):  The 
solvent-resistant oxygen probe OXSOLV measures oxygen partial pressure in most 
polar and nonpolar solvents. It is based on optical detection principles (REDFLASH 
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technology) and can be used both in pure and complex organic solvents. The fibre-
optic oxygen sensor tip is covered with a stainless-steel tube 1.5 mm in diameter and 
150 (or 40) mm in length. The analysis of the data was conducted with the 
FireStingGO2 Manager software. 
 
2.4.3 Experimental procedures  
Cu(0)-wire mediated RDRP of acrylates 
 
General procedure for the Cu(0)-mediated RDRP of methyl acrylate (MA) with 
targeted DPn  =  50 (PMA50) in the absence of any external deoxygenation. 
MA (4 mL, 50 eq.),  Me6Tren (42.5 μL, 0.18 eq.),  EBiB (129 μL, 1 eq.), Cu(ΙΙ)Br2 
(9.86 mg, 0.05 eq.), DMSO (4 mL) and pre-activated copper wire (5 cm) wrapped 
around a stirring bar were added to septum sealed vials of 8 mL (no headspace left), 
20 mL (12 mL headspace) and 28 mL (20 mL headspace). The polymerization was 
allowed to commence at ambient temperature. Kinetic studies were conducted to 
determine the time needed for near quantitative conversion to be reached. Once this 
conversion had been achieved, a sample was taken and passed through a short column 
of neutral alumina to remove dissolved copper salts prior to analysis by 1H NMR in 
CDCl3 and SEC in THF.  
 
General procedure for the Cu(0)-mediated RDRP of n-butyl acrylate (ΒΑ) with 
targeted DPn = 50  (PBA50) in the absence of any external deoxygenation. 
BA (4 mL, 50 eq.), Me6Tren (26.8 μL, 0.18 eq.),  EBiB (81.9 μL, 1 eq.), Cu(ΙΙ)Br2 
(6.25 mg, 0.05 eq.), DMSO (4 mL) and pre-activated copper wire (5 cm) wrapped 
around a stirring bar were added to a septum sealed vial. The polymerization was 
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allowed to commence at RT. Kinetic studies were conducted to determine the time 
needed for quantitative conversion (typically >96%) and after the completion of the 
polymerization, a sample was taken and passed through a short column of neutral 
alumina to remove dissolved copper salts prior to analysis by 1H NMR in CDCl3 and 
SEC in THF.  
General procedure for the Cu(0)-mediated RDRP of PEGA480 with targeted DPn 
= 10 in the absence of any external deoxygenation. 
HPLC grade H2O (4 mL), Me6Tren (212 μL, 0.792 mmol, 0.18 eq.) and Cu(II)Br2 (49 
mg, 0.22 mmol, 0.05 eq.)  were charged to a 8 mL vial and vortexed until complete 
dissolution of Cu(II)Br2. EBiB (645 μL, 4.4 mmol, 1 eq.), poly(ethylene glycol) methyl 
ether acrylate (average Mn 480) (PEGA480) (4 mL, 44 mmol, 10 eq.) and  pre-activated 
copper wire (5 cm) wrapped around a stirring bar were added to the vial. The vial 
sealed with a septum and the polymerization left to commence. Samples were taken 
periodically and conversions were measured using 1H NMR in D2O and SEC analysis 
in THF, after having been passed through neutral alumina. 
General procedure for the Cu(0)-mediated RDRP of hexyl acrylate (HA) with 
DPn = 50 (PHA50) in the absence of any external deoxygenation. 
HA (4 mL, 50 eq.), Me6Tren (22 μL, 0.18 eq.),  EBiB (67 μL, 1 eq.), Cu(II)Br2 (5.10 
mg, 0.05 eq.), TFE (4 mL) and pre-activated copper wire (5 cm) wrapped around a 
stirring bar were added to an 8 mL septum sealed vial. The polymerization was allowed 
to commence at RT. Kinetic studies were conducted to determine the time needed for 
quantitative conversion (tyrically >96%) and after the completion of the 
polymerization, a sample was taken and passed through a short column of neutral 
alumina to remove dissolved copper salts prior to analysis by 1H NMR in CDCl3 and 
SEC in THF.  
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Cu(0)-wire mediated RDRP of methacrylates and styrene 
General procedure for the Cu(0)-mediated RDRP of methyl methacrylate (MMA) 
with DPn = 50 (PMMA50) in the absence of external deoxygenation. 
MMA (4 mL, 50 eq.), methyl-α-bromophenylacetate (MBPA) (119 μL, 1 eq.), 
Cu(II)Br2 (8.35 mg, 0.05 eq.), DMSO (4 mL), Me6Tren 36 μL, 0.18 eq.) and pre-
activated copper wire (5 cm) wrapped around a stirring bar were added to an 8 mL 
septum sealed vial. The polymerization was allowed to commence at ambient 
temperature for 18 h without employing any deoxygenation procedure. After 18h, a 
sample dissolved in THF, passed through a short column of neutral alumina to remove 
dissolved copper salts prior to analysis by 1H NMR in CDCl3 and SEC in THF. 
General procedure for the Cu(0)-mediated RDRP of styrene (St) with targeted 
DPn = 50 in the absence of any external deoxygenation. 
Styrene (4 mL, 50 eq.), MBPA (0.111 mL, 1 eq.), CuBr2 (7.80 mg, 0.05 eq.), IPA (4 
mL), PMDETA (0.052 mL, 0.36 eq.) and pre-activated copper wire (5 cm) wrapped 
around a stirring bar were added to a septum sealed vial. The polymerization was 
allowed to commence at 60 ˚C for 36 h. After 36 h, a sample was taken and passed 
through a short column of neutral alumina to remove dissolved copper salts prior to 
analysis by 1H NMR in CDCl3 and SEC in THF. 
 
Chain Extensions and block copolymers 
General procedure for the in-situ chain extension reaction for the synthesis of 
PMA50-PMA50. 
MA (4 mL, 50 eq), DMSO (4 mL), EBiB (129 µL, 1 eq), Cu(II)Br2 (9.86 mg, 0.05 eq), 
Me6Tren (42.5 µL, 0.18 eq.) and pre-activated copper wire (5 cm) were added to a 20 
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mL septum sealed vial and the polymerization was allowed to commence. Upon  
reaching high conversion ( >96%) for the first block of the homopolymer, a 1 : 1 (v/v) 
mixture of MA (4 mL) and DMSO (4 mL) was added to the reaction mixture and the 
polymerization was left to commence.  Samples were taken periodically and 
conversions were measured using 1H NMR in CDCl3 and SEC analysis in THF, after 
having been being passed through neutral alumina. 
 
General procedure for the synthesis of the block copolymer PMA50-b-PHA50. 
The general procedure for Cu(0)-RDRP of MA was followed. Upon detection of >96% 
conversion a 1 : 1 (v/v) mixture of HA (4 mL) and DMSO (4 mL) was added to the 
reaction mixture without employing any deoxygenation process or nitrogen blanket. 
Utilizing a degassed syringe, samples were taken periodically for the measurement of 
conversion through 1H NMR in CDCl3 and SEC analysis in THF. 
 
Conventional (Cu(I)-mediated) ATRP  
General procedure for the ATRP of poly(methyl methacrylate) with targeted DPn 
= 100 in the absence of external deoxygenation.  
For PMMA with a targeted DPn  =  100, CuBr (0.134 g, 0.935 mmol), 9 mL toluene, 
N-(n-Propyl)-2-pyridylmethanimine (2 mol eq. to CuBr) and MMA (10 mL, 93.5 
mmol) were added in a 20 mL vial immersed in a thermostated oil bath at 90 °C. When 
the contents reached reaction temperature, EBiB (0.137 mL, 0.935 mmol) was added. 
The polymerization was left to commence and samples were taken periodically for the 
measurement of conversion through 1H NMR in CDCl3 and SEC analysis in THF, after 
having been passed through neutral alumina for the removal of dissolved copper salts. 
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2.4.4 Supplementary Figures & Characterization  
 
Figure 2-10. 1H NMR in CDCl3 of purified PMA50 synthesized via Cu(0)-RDRP in 
the absence of external deoxygenation, without headspace. Conversion (92%) was 
determined by comparing the integrals of monomeric vinyl protons ( ~ 5.7 - 6.5 ppm) 
to polymer signal.  
 
 
Figure 2-11. 1H NMR in CDCl3 of purified PMA50 synthesized via Cu(0)-RDRP in 















12 mL headspace 20 mL headspace 
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Figure 2-12. SEC trace of the higher scale (125 g) PMA50 (synthesis performed at RT) 
with Mn,SEC = 5200 g/mol, Ð = 1.10, conversion 92%, 
[MA]:[EBiB]:[CuBr2]:[Me6Tren]  =  [50]:[1]:[0.05]:[0.18]. DMSO as solvent 50% v/v. 
 
 
Figure 2-13. SEC traces of PMA50 synthesized via Cu(0)-RDRP in the absence of 
deoxygenation  in a) MeCN, b) IPA, c) 80% Toluene - 20% Methanol and d) TFE. 
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Figure 2-14. SEC trace of poly(PEGA480)10 with Mn,SEC =  3700 g/mol, Ð  = 1.18, 82% 
conversion. [PEGA480]:[EBiB]:[CuBr2]:[Me6Tren]  =  [50]:[1]:[0.05]:[0.18]. H2O as 




Scheme 2-2. Reaction scheme for the Cu(0)-mediated RDRP of PMMA50. Conditions: 
[MMA]:[MBPA]:[CuBr2]:[Me6Tren]  =  [50]:[1]:[0.05]:[0.18]. DMSO solvent 50% 
v/v, ambient temperature ( ~  25oC).  
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Figure 2-15. 1H NMR of PMMA in CDCl3. Conversion calculated by integration of 




Scheme 2-3. Reaction scheme for the Cu(0)-mediated RDRP of  PSt50. Conditions: 
[PSt]:[MBPA]:[CuBr2]:[PMDETA]  =  [50]:[1]:[0.05]:[0.36]. IPA solvent 50% v/v, 
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Figure 2-16. 1H NMR of PS50 in CDCl3 with conversion 91%.  
 
 
Figure 2-17. THF-SEC traces of the in-situ chain extension of PMA50-PMA50 in 
DMSO with the second aliquot of MA deoxygenated via nitrogen sparging. 
vinyl protons
(monomer residue)
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Figure 2-18. Line graphs illustrating the effect of the polymerization components 
(individually and combinations thereof) in the evolution of oxygen consumption.  
M + DMSO + Cu(0) wireM + DMSO + L
M + DMSO + Cu(0) wire + L
M + DMSO + CuBr2 M + DMSO + CuBr2 + L
M + DMSO + I
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Figure 2-19. THF-SEC trace of PMMA with targeted DPn = 100 synthesized via 
normal ATRP without applying any type of external deoxygenation.  
 
 
Figure 2-20. Colour differences of the PMA50 polymerization solutions attributed to 
the generation of higher amounts of Cu(II) possibly after oxidation of the Cu(0)-wire 
when bigger headspace was present. Left: 20 mL headspace, middle: 12 mL headspace 
and right: no headspace.  
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 Ultra-low volume oxygen tolerant 
photoinduced Cu-RDRP 
 
This chapter focuses on the development of oxygen tolerant ultra-low volume (as low 
as 5 μL total reaction volume) photoinduced Cu-mediated RDRP of a wide range of 
hydrophobic, hydrophilic and semi-fluorinated (meth)acrylates.  In the absence of 
extrinsic deoxygenation, well-defined homopolymers can be obtained with low 
dispersity values, high end-group fidelity and near-quantitative conversions. Block 
copolymers can be efficiently synthesized in a facile manner and the compatibility of 
the system to larger scale polymerizations (up to 0.5 L) is demonstrated upon judicious 
optimization of the reaction conditions. An insight into the oxygen consumption 
low volume 
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mechanism upon photo-irradiation is provided through an oxygen probe, and the role 
of each component is identified and discussed. 
 
3.1 Introduction  
The Reversible-deactivation radical polymerization (RDRP) systems have 
attracted significant interest during the last decades, due to their facile, versatile and 
robust nature.1–10 Typically, all RDRP techniques (e.g. atom-transfer radical 
polymerization (ATRP),11,12 single electron transfer-living radical polymerization 
(SET-LRP),7,13 reversible addition-fragmentation chain-transfer polymerization 
(RAFT),6,14,15 nitroxide-mediated polymerization (NMP)16–18) rely on intensive 
deoxygenation techniques including the use of glove box equipment, freeze-pump-
thaw cycles or inert gas sparging to reduce (and ideally eliminate) the presence of 
oxygen. Oxygen is reported to be detrimental for radical polymerizations since it acts 
as an efficacious radical scavenger, rapidly reacting with carbon-centred radicals, and 
eventually leading to peroxy radicals and hydroperoxides which are inefficient at 
reinitiating the polymerization.19–22 
 Although traditional deoxygenation techniques are efficacious for the 
successful removal of oxygen, they can also be disadvantageous in some cases. For 
instance, the use of glove box equipment is a sophisticated, albeit expensive and time-
consuming approach which also requires extensive training prior to use. Freeze-pump-
thaw is another costly and time-consuming deoxygenation method which can also be 
problematic when proteins or enzymes are involved, leading to denaturation and loss 
of their secondary structure.23–25 Finally, inert gas sparging with either argon or 
nitrogen (so-called “bubbling”) is perhaps the most popular and convenient method to 
remove oxygen from polymerization solutions. However, sparging can lack 
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reproducibility as it may alter the concentration of volatiles and precludes the use of 
low sample volumes. In addition, all the existing deoxygenation methods may not be 
available in all laboratories and/or add complexity to the set-up, thus restricting the 
accessibility to non-experts.  
To mitigate this arduous task of conventional deoxygenation, many groups 
have exploited the use of enzymes to deoxygenate controlled radical 
polymerization.21,26–29 For example, Yagci and colleagues, based on photoinitiated free 
radical polymerization developed an enzyme-based oxygen tolerant UV curing 
system, utilizing glucose oxidase (GOx) which in the presence of oxygen catalyzes the 
oxidation of β-D-glucose (G) to D-glucono-δ-lactone leading to oxygen consumption.29 
Chapman et al. were the first to use glucose oxidase (GOx) to remove oxygen in a 
RAFT polymerization where narrow molecular weight distributions were achieved 
even when the experiments were performed in open vessels.27,28 In the case of ATRP, 
Matyjaszewski and co-workers subsequently reported the first controlled aqueous 
ATRP in an open vessel which was coined as “breathing ATRP”. In their systems, 
GOx was employed to continuously remove oxygen from the polymerization 
solution.26,30,31  
Among the various oxygen tolerant polymerization platforms, the approaches 
that use light as external stimulus have attracted considerable interest due to the 
polymerizations proceeding under conditions milder than conventional thermal 
approaches, it is non-invasive and environmentally benign, and gives the potential for 
spatiotemporal control.32–34  Boyer and co-workers first reported the oxygen tolerance 
of PET-RAFT in which the oxygen can be consumed by either a photocatalyst or a 
reducing agent.35 Examples of photocatalysts include (fac-[Ir(ppy)3]),
36,37 zinc 
tetraphenylporphine (ZnTPP)38,39 and Eosin Y,40–42  while ascorbic acid43,44 and 
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triethylamine40,45 are the most commonly employed reducing agents. Considerable 
contributions but limited in number, have also been made in the field of photo-ATRP 
with Huang and co-workers,46,47 utilizing a photoredox catalyst and without a tedious 
deoxygenation procedure, introducing a photoredox-mediated ATRP method for 
methacrylate-based polymers. Matyjaszewski’s group presented a photoinduced Fe-
catalyzed ATRP system for the synthesis of methacrylate polymers in non-
deoxygenated solutions, employing FeBr3 as catalyst.
48 The non-deoxygenated 
photoATRP was also extensively studied by Mosnáček and co-workers, who 
conducted extensive kinetic measurements in order to investigate the effect of ligand, 
light intensity and oxygen concentration for the photoATRP of MA and MMA.49,50 
Poly and co-workers, reported the synthesis of PMMA through photocatalyzed ATRP 
in the presence of air, utilizing copper (II) bromine/phenanthroline in the presence of 
triethylamine as reducing agent.51 
The strong reducing ability of the photocatalysts facilitates the oxygen removal 
prior to polymerization.21,49,52 This is particularly important for low-scale 
polymerizations and combinatorial synthesis. The ability to conduct polymerizations 
in extremely low volumes (typically from 20 μL to 500 μL) is an area of growing 
academic interest as it allows for the inexpensive, fast and high throughput screening 
of a wide range polymeric materials.53–55 All the approaches that have been made by 
the above-mentioned groups strengthen the need for a comprehensively versatile 
oxygen tolerant photoinduced-RDRP methodology, capable for the facile synthesis of 
a range of materials, without compromising control over the molecular characteristics 
of the synthesized polymers. Moreover, although the above-mentioned contributions 
expand the oxygen tolerance scope, there is still the need for a further simplified 
strategy, independent of adjunctive reducing agents that add complexity to the system. 
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To date, PET-RAFT is the main controlled radical polymerization method that has 
been utilized for the high throughput synthesis of a range of polymeric materials.46,56  
However, examples of oxygen tolerant photoinduced ATRP are limited.48–51,57 This is 
an oversight given the high efficiency of Cu-RDRP to synthesize a wide range of 
complex polymeric materials with controlled functionality, dispersity and architecture 
(e.g. stars,10 multiblocks58,59). In addition, the key role of each component in oxygen 
consumption during photoinduced copper mediated radical polymerization has not 
been clarified. 
In this chapter, the first ultra-low scale and fully oxygen tolerant photoinduced 
RDRP system, independent of any externally added oxygen quenchers, reducing 
agents or deoxygenation methods is developed and discussed.57 In 8 mL scale, the 
efficient elimination of headspace gives access to a range of monomer families, 
including hydrophobic (i.e. as n-butyl acrylate, n-BA, and hexyl acrylate, HA), 
hydrophilic (poly(ethylene glycol methyl ether acrylate), PEGA480) and semi-
fluorinated (poly(2,2,2-trifluoroethyl acrylate), PTFEA and poly(2,2,2-trifluoroethyl 
methacrylate), PTFEMA) (meth)acrylates, with the utilization of various solvents. The 
versatility of the proposed oxygen-tolerance methodology is verified by achieving 
high control over the molecular weights and end-group fidelity in near-quantitative 
polymerizations, enabling in-situ chain extensions and block copolymerizations. This 
approach is efficiently scalable from extremely low volumes such as 5 μL, to high 
scale reactions of 0.5 L. Importantly, the polymerizations which were conducted at 
low volumes (up to 200 μL) were independent of the headspace presence, due to the 
homogeneous light diffusion (UV-irradiation) in the reaction solution, which is 
facilitated by the low reaction scale and the narrow shape of the reaction vessel. 
Additionally, an oxygen probe is employed for the online monitoring of oxygen 
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consumption in a photoinduced polymerization. The experimental data generating 
from the oxygen probe demonstrate preliminary insights into the oxygen consumption 
mechanism and the role of the different components that comprise a deoxygenation-
free polymerization. This approach is the first example of such a low scale oxygen-
tolerant Cu-RDRP, which can serve as a simple and in parallel robust platform, for the 
benchtop synthesis of polymer libraries at short reaction times and without the need of 
time-consuming deoxygenation methods. 
   
 
Scheme 3-1. a) Typical reaction scheme for the low volume oxygen tolerant 
photoinduced-RDRP, b) different hydrophobic, hydrophilic and semi-fluorinated 
monomers employed and c) low volume reaction setup utilizing commercially 
available glass inserts and a UV nail lamp with broad band emission and  λmax ~ 360 
nm. 
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3.2 Results and Discussion 
3.2.1 Oxygen tolerance studies in 8 mL scale  
Initially, in order to explore the ability of the technique to perform in the 
presence of oxygen, the photoinduced Cu-RDRP of MA with targeted DPn  =  50 was 
conducted without any type of extrinsic deoxygenation. For this purpose, methyl 
acrylate (MA) was used as monomer, dimethyl sulfoxide (DMSO) as the solvent, 
tris(2-(dimethylamino)ethyl)-amine (Me6Tren) as the ligand, ethyl α-
bromoisobutyrate (EBiB) as the initiator and Cu(II)Br2 as copper source, following the 
conditions [MA]:[I]:[CuBr2]:[Me6Tren]  =  [50]:[1]:[0.02]:[0.12] under a UV “nail 
lamp” with broad band emission and λmax ~ 360 nm (Scheme 3-3). Based on the 
previous investigation on Cu(0) wire-mediated RDRP where the elimination of 
headspace was the crucial step to achieve an oxygen tolerant system, free of externally 
added reducing agents, the polymerization was left to commence in a fully filled 
(septum or lid capped) vial, without any type of commonly applied deoxygenation, 
yielding PMA50 in quantitative conversion (98%) with Mn,SEC = 4,900 g mol
-1  and Đ ~ 
1.08. In order to verify that headspace elimination can be efficiently applied to the 
photoinduced system, an identical reaction (from the same stock solution) was 
performed, with N2-sparging applied prior to polymerization. The deoxygenated 
PMA50 yielded Mn,SEC = 4,500 g mol
-1  (expressed as molecular weight equivalents to 
PMMA narrow molecular weight standards) in quantitative conversion (98%) and Đ 
~ 1.08, exhibiting negligible differences, if any, to the proposed non-deoxygenated 
system (Figure 3-1). 




Figure 3-1. SEC traces of a) the non-deoxygenated PMA50 and b) the N2 sparging-
deoxygenated PMA50 both synthesized via photoinduced Cu-RDRP with 
[MA]:[EBiB]:[CuBr2]:[Me6Tren]  =  [50]:[1]:[0.02]:[0.12] and λmax ~ 360 nm. 
 
The importance of headspace was further investigated when three identical 
photoinduced Cu-RDRP reactions with different headspace volume (20, 12 and 3 mL 
of headspace) were conducted for the synthesis of PMA with targeted DPn = 50. The 
reaction with 20 mL headspace led to no polymerization even after 8 hours of UV-
irradiation, while the reaction with 12 mL headspace exhibited slow polymerization 
rates, reaching only  ~ 65 % conversion. However, higher conversions, along with 
controlled molecular weights and low dispersity values, were observed for the 
polymerization with 3 mL headspace after 6 hours (Figure 3-35). These observations 
come in agreement with previous findings on Cu(0)-RDRP, where the extent of 
headspace played significant role on the evolution of the non-deoxygenated 
polymerizations. Nevertheless, it is hypothesized that the photoinduced Cu-RDRP 
approach is less oxygen tolerant in comparison to the Cu(0)-wire mediated approach 






1H NMR: 98% 1H NMR: 98%
Đ ~ 1.08 Đ ~ 1.08 
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necessary for the successful implementation of this technique in the presence of 
oxygen. 
In this context, the extent of control over high molecular weights was 
investigated with a range of different DPs (100-600) being targeted for PMA. For all 
the different DPs, the concentrations of Cu(II)Br2 and ligand were maintained the same 
as for the case of DPn = 50,  with the ratio 1:6. For all the higher molecular weight 
polymerizations, no deoxygenation method was applied, with the only strategy 
followed being the total absence of headspace. Consequently, high molecular weights 
(~ 53,000 g mol-1) were obtained, with narrow molecular weight distributions (1.08-
1.12), in high conversions (90-98 %) (Table 3-1, Figure 3-2). 
 
Table 3- 1. 1H NMR and SEC analysis for PMA with different DPs synthesized via 










50 98 4500 4900 1.08 
100 97 8600 10100 1.09 
200 95 16000 17800 1.09 
400 90 31500 31800 1.08 
600 94 48800 53000 1.12 
a In all polymerizations, the volume ratio of monomer to solvent was maintained 1:1 and conversion was calculated 
via 1H NMR. b Determined by THF-SEC analysis based on DRI and expressed as molecular weight equivalents to 
PMMA narrow molecular weight standards. 




Figure 3-2. THF-SEC traces of PMA with targeted DPs = 50-600 synthesized via 
oxygen-tolerant photoinduced Cu-RDRP Scale: 8 mL. 
 
Subsequently, in order to explore the applicability of the proposed 
methodology to the synthesis of different materials, photoinduced Cu-RDRP with 
headspace elimination was applied for a series of different monomer types and families 
including hydrophobic, hydrophilic and semi-fluorinated, acrylates and methacrylates 
in different solvents.  Apart from MA, ethylene glycol methyl ether acrylate (EGA) 
was polymerized in DMSO, yielding poly(EGA)50 with  Mn = 6,500 g mol
-1 and Đ ~ 
1.09 in 96% conversion (Table 3-2, Figure 3-3, Scheme 3-4). From the scope of more 
hydrophobic monomers which can be challenging due to solubility issues,60 initially 
n-butyl acrylate was polymerized in DMSO, exhibiting controlled macromolecular 
characteristics at high monomer conversion, although generating a biphasic system 
(1H NMR conversion: 97%, Mn = 7,500 g mol
-1  and Đ ~ 1.2, Table 3-2, Figure 3-3). 
The span of hydrophobic monomers reached a greater extent with the polymerization 
of hexyl acrylate (HA) in trifluoroethanol (TFE) (Scheme 3-7), a solvent which 
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facilitates the combined solubilization of monomer, polymer and Cu(II)Br2, reifying 
the photoinduced RDRP of hydrophobic monomers.43,44 Consequently, well-defined 
poly(hexyl acrylate) was obtained with  Mn = 7,700 g mol
-1  and Đ ~ 1.13 in near-
quantitative conversion (98%) (Figure 3-3, Table 3-2). Apart from the hydrophobic 
monomers, the polymerization of the hydrophilic poly(ethylene glycol methyl ether 
acrylate)480 (PEGA480) in DMSO also yielded well-defined P(PEGA480)20 with Mn = 
9,500 g mol-1  and Đ ~ 1.16, in near-quantitative conversion (97%) (Table 3-2, Scheme 
3-5, Figure 3-3).  
Subsequently, since the intermolecular interactions that occur from their C-F 
bonds exhibit properties of great interest, the oxygen tolerant photopolymerization of 
the semi-fluorinated trifluoroethyl acrylate (TFEA) and trifluoroethyl methacrylate 
(TFEMA) was explored, utilizing TFE as solvent (Table 3-2, Figure 3-3, Schemes 3-
8 & 3-9). The obtained polymers showed low dispersity values and good agreement 
between theoretical and experimental Mn values, highlighting the compatibility of this 
non-deoxygenated system with fluorine-rich monomers (further discussion in the 3.2.1 
section of this chapter “The transition to ultra-low volumes”). Subsequently, with 
dimethylformamide (DMF) as the solvent, tert-butyl acrylate which can undergo 
deprotection to produce acidic functional materials was polymerized in DMF (Scheme 
3-6),61,62 yielding experimental Mn close to the theoretical value ( Mn,SEC  = 7,000 g 
mol-1) and Đ ~ 1.13 in high conversion (1H NMR ~ 95%) (Figure 3-3, Table 3-2).  
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Table 3-2. 1H NMR and SEC analysis for all the different polymers obtained through 
photoinduced RDRP without any type of deoxygenation. a 











P(n-BA) DMSO 50 97 6400 7500 1.2 
P(t-BA) DMF 50 95 6300 7000 1.13 
P(HA) TFE 50 98 7800 7700 1.13 
P(TFEA) TFE 50 93 7400 9200 1.09 
P(TFEMA) TFE 50 88 7900 7700 1.14 
P(EGA)  DMSO 50 96 6400 6500 1.09 
P(PEGA480) DMSO 20 97 9500 9500 1.16 
a In all polymerizations, the volume ratio of monomer to solvent was maintained at 1:1 throughout and conversion 
was calculated via 1H NMR. b Determined by THF SEC analysis based on DRI  and expressed as molecular weight 
equivalents to PMMA standards.  
 




Figure 3-3. THF-SEC traces for the various hydrophobic, hydrophilic and semi-
fluorinated polymers obtained via oxygen tolerant photoinduced Cu-RDRP. 
 
The high chain end fidelity was subsequently exemplified by the in-situ re-
initiation of the PMA50 macroinitiator with a second aliquot of MA (50 eq.), yielding 
PMA50-PMA50 (Mn,SEC = 10,500 g mol
-1, Đ ~ 1.12) (Figure 3-4a). The conditions for 
the synthesis of the macroinitiator were [MA] : [EBiB] : [Cu(II)Br2] : [Me6Tren] = 50 
: 1 : 0.02 : 0.12 in DMSO  and were followed by the addition of 50 eq. MA without 
applying deoxygenation.  The utility of the system’s high end group fidelity was 
expanded to a greater degree when the addition of a non-deoxygenated t-BA aliquot 
(50 eq.) re-initiated the PMA50 macroinitiator, yielding the PMA50-b-P(t-BA)50 
diblock copolymer (Mn,SEC = 14,600 g mol
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without intermediate purification of the macroinitiator (Figure 3-4b). Interestingly, 
while the utilization of DMSO exhibits excellent results for the synthesis of PMA, and 
DMF is a good solvent for P(t-BA), none of them proved efficient for the synthesis of 
a PMA50-b-P(t-BA)50 diblock copolymer. It should be noted that the solvent for a 
polymerization is particularly important since, apart from being able to complex with 
the metal centre in different ways,63–65 it is necessary to facilitate the stabilization of 
Cu(II), especially when very low copper concentration is used. After utilizing different 
solvents, TFE exhibited excellent behaviour on the synthesis of PMA50-b-P(t-BA)50  
since, apart from the efficient synthesis of the PMA50 macroinitiator, it also contains a 
fluorinated hydrophobic site which induces the solubilisation of the hydrophobic t-
BA, thus homogenizing the reaction solution.60,66 Both for PMA50-PMA50 and PMA50-
b-P(t-BA)50 a clear shift into higher molecular weights was evidenced, notwithstanding 
the presence of a small low molecular weight shoulder, indicative of some termination. 
Since the second monomer aliquot did not undertake any type of deoxygenation, its 
addition into the polymerization reaction introduced (mainly dissolved) oxygen, 
capable of reacting with propagating radicals and thus leading to some termination 
events. However, the low dispersity values (Đ < 1.15) for the in-situ chain extension 
and block copolymerization, as well as the good agreement between theoretical and 
experimental Mn values at high conversions, corroborate the robustness of the 
proposed methodology and render it a useful tool not only for the synthesis of 
homopolymers but also for in-situ block copolymerizations. 
 




Figure 3-4. Reaction scheme (top) and THF-SEC traces of the in-situ chain extensions 
and block copolymerizations from PMA50 macroinitiator with initial conditions of 
[MA] : [EBiB] : [Cu(II)Br2] : [Me6Tren] = 50 : 1 : 0.02 : 0.12 with a) the chain 
extension PMA50-PMA50 obtained after addition of a second aliquot of MA (50 eq.) 
and b) the block copolymer PMA50-b-P(t-BA)50 after the addition of  t-BA (50 eq.). R 
= -C-(CH3)3. 
 
3.2.2 The transition to ultra-low volumes  
The ability to conduct controlled polymerizations in the presence of oxygen can 
potentially enable the high throughput synthesis of a wide range of polymers at low 
reaction volumes. In order to test this hypothesis, commercially available vial inserts 
with a full capacity of 200 μL were utilized and all the reactions were sealed with lids 
(Figure 3-5). To eliminate the headspace, the vial insert was initially fully filled with 
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the reaction solution (200 μL / 200 μL). Under these conditions, the photoinduced Cu-
RDRP of MA with targeted DPn = 50 was performed without deoxygenation, yielding 
well-defined PMA, with near-quantitative monomer conversion (96%, Figure 3-19), 




Figure 3-5. UV nail lamp reaction setup for the ultra-low volume polymerizations 
conducted in commercially available vial inserts (λmax ~ 360 nm). 
 
 
Figure 3-6. THF-SEC traces for PMA50 with a) 200 μL b) 40 μL, c) 20 μL and d) 5 
μL reaction volume synthesized via oxygen tolerant photoinduced Cu-RDRP with 
[MA]:[EBiB]:[Cu(II)Br2]:[Me6Tren] = [50]:[1]:[0.02]:[0.12] using a UV lamp with 
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Encouraged by these initial findings, lower reaction volumes were applied, from 
200 μL to 60, 40, 20, 10 and 5 μL (Figure 3-6, Figures 3-20 & 3-21). For these 
experiments, 200 μL commercially available vial inserts were used as previously, in 
which the headspace was increased from zero to 140, 160, 180, 190 and 195 μL, 
respectively. Despite the increase of the headspace, all polymerizations reached near-
quantitative conversions (>96%) without compromising the control over the molecular 
weight and the molecular weight distributions (Đ  ~ 1.1). In all cases, comparable 
initiator efficiencies were observed (Mn,SEC ~ 5,000-5,500 g mol
-1) indicating that for 
the low volume reactions in DMSO, the headspace has only negligible effects, if any, 
on the targeted molecular weight (Table 3-3). This was attributed to the absence of 
stirring in this system which limits the diffusion of oxygen into the polymerization 
solution. It should also be highlighted that even at ultra-low volumes (i.e. 5 μL), the 
polymerization proceeds efficiently, although with slightly higher dispersity values (Đ 
~ 1.17).  
Table 3-3. 1H NMR and SEC analysis for the low volume PMA50 obtained with 
different headspaces in the absence of deoxygenation a 
a In all polymerizations, the volume ratio of monomer to solvent was maintained 1:1 and conversion was calculated 
via 1H NMR. b Determined by THF SEC analysis based on DRI and expressed as molecular weight equivalents to 













200 0 96 4,300 5,200 1.07 
60 140 98 4,400 5,400 1.08 
40 160 98 4,400 5,300 1.08 
20 180 99 4,500 5,500 1.11 
10 190 99 4,500 5,000 1.11 
5 195 97 4,400 5,200 1.17 
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The low volume experiments were also compatible with lower catalyst loadings, 
namely 150, 75, and 37 ppm of  Cu-catalyst, while 300 ppm of catalyst is used in the 
standard system. The obtained results showed that low copper loadings can be used 
without significantly compromising the control over the molecular weight 
distributions (Figure 3-7, Table 3-4). However, the dispersity values were increased 
when as low as 37 ppm were used, due to less efficient deactivation of the polymer 
chains, as has been previously reported.67,68 In agreement with the literature, when low 
Cu(II)Br2 concentration is used, the rate of deactivation is lower than the rate of 
propagation, leading to higher dispersity values. This can be particularly evident in 
oxygen tolerant Cu-RDRP systems where the concentration of the Cu species is 
significantly important for the evolution of both the polymerization and the oxygen 
consumption (see section 3.2.3 “Insights into the oxygen tolerance mechanism”). 
 
Table 3-4. 1H NMR and SEC analysis for the low volume (10 μL) PMA50 synthesized 
with different Cu(II)Br2 concentrations and in the absence of deoxygenation 
a 
a In all polymerizations, the volume ratio of monomer to solvent was maintained 1:1, the total volume of the reaction 
was 10 μL and conversion was calculated via 1H NMR. b Determined by THF SEC analysis based on DRI and 










 (g mol-1) 
Đ 
300 (std) c 99 4,500 5,200 1.07 
150 99 4,500 5,700 1.17 
75 97 4,400 5,600 1.20 
37 97 4,400 5,600 1.26 




Figure 3-7. THF-SEC traces for the low volume (10 μL) PMA50 synthesized with 
different Cu(II)Br2 concentrations via oxygen tolerant photoinduced Cu-RDRP. 
 
To explore the extent of control over higher molar masses, a range of different 
degrees of polymerization (100-400) were targeted for PMA, on a 60 μL scale. Well-
defined PMAs up to DPn = 400 were obtained with final Mn,SEC = 38,500 g mol
-1 and 
dispersity of 1.19 at high monomer conversions (>82%) (Figure 3-8, Table 3-5). 
Unfortunately, targeting higher DPs (e.g. 600 and 800) resulted in no conversion, even 
when the reaction was left to proceed overnight. This was expected, since very low 
initiator and catalyst concentrations are challenging for a non-deoxygenated 
polymerization.  As discussed in section 3.2.3 “Insights into the oxygen tolerance 
mechanism“, the initiator participates in oxygen consumption thus, less than the 
targeted amount of the latter is available for polymerization process.   
 




Figure 3-8. THF-SEC traces for low volume PMA with targeted DPs 50-400 
synthesized via oxygen-tolerant photoinduced Cu-RDRP with 
[MA]:[EBiB]:[Cu(II)Br2]:[Me6Tren] = [DPn]:[1]:[0.02]:[0.12] under a UV lamp with 
broad band λmax ~ 360 nm. 
 
 
Table 3-5. 1H NMR and SEC analysis for low volume PMA with different targeted 
DPs obtained via photoinduced Cu-RDRP in the absence of deoxygenation. a 
DPn 
Conversion 






50 98 4,400 5,400 1.08 
100 99 8,700 11,000 1.18 
200 92 16,000 23,000 1.19 
400 82 24,800 38,500 1.19 
a In all polymerizations the volume ratio of monomer to solvent was maintained 1:1 and conversion was calculated 
via 1H NMR. b Determined by THF SEC based on DRI analysis and expressed as molecular weight equivalents to 
PMMA narrow molecular weight standards. 
 
Subsequently, the applicability of the low volume oxygen tolerant 
photoinduced Cu-RDRP was examined in a wide range of hydrophobic, hydrophilic 
and semi-fluorinated monomers. Given the tolerance of the methodology in the 
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presence of large headspace when DMSO was used as a solvent, ethylene glycol 
methyl ether acrylate (EGA) was polymerized efficiently at 10 μL scale with Mn,SEC = 
7,300 g mol-1 and Đ ~ 1.17 at 99% conversion (Figure 3-9a, Figure 3-22, Table 3-6). 
Polymerization of the hydrophilic poly(ethylene glycol) methyl ethyl acrylate 
(PEGA480)20 also afforded a well-defined polymer at high conversion (>99%) with 
narrow molecular weight distributions (Đ ~ 1.18) (Figure 3-9b, Figure 3-23, Table 
3-6). These results further highlight the versatility of DMSO to enable the synthesis of 
controlled polymers at very high conversions and ultra-low reaction volumes,69 even 
in the presence of a headspace.  
 
Figure 3-9. THF-SEC traces for a) P(EGA) with targeted DPn = 50 and b) P(PEGA480) 
with targeted DPn = 20 synthesized via oxygen-tolerant photoinduced Cu-RDRP with 
10 μL total reaction volume. 
 
Subsequently, the photoinduced Cu-RDRP of hydrophobic and semi-
fluorinated monomers was investigated in the presence of oxygen. In this context,  tert-
butyl (t-BA), hexyl (HA, C6), lauryl (LA, C12) and trifluoroethyl (meth)acrylates 
(TFEA and TFEMA) were used. However, DMSO has been reported as an unsuitable 
solvent for these materials, leading to insoluble final polymeric materials and 
subsequent loss of control.70,71 As an alternative, the polymerization of t-BA and LA 
was attempted in mixtures of toluene/MeOH (4:1), where a small amount of MeOH is 
poly(EGA)50 poly(PEGA480)20a) b)
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necessary to facilitate the complete solubilization of the catalyst, while toluene is 
needed to dissolve the monomers and the resulting polymers. Unfortunately, in the 
presence of a large headspace (10 μL reaction scale in a 200 μL vial insert) no 
polymerization was observed within 24 h for either t-BA or LA. Moreover, when the 
polymerization of MA was conducted in the same solvent system in a similar way to 
the other monomers, no monomer conversion occurred. However, when the identical 
experiments were performed upon elimination of the headspace to almost zero, the 
polymerization of t-BA (Figure 3-10a, Figure 3-24, Table 3-6), LA (Figure 3-10b, 
Table 3-6) and MA (Figure 3-25, Table 3-6) occurred in a controlled manner, 
exhibiting narrow molecular weight distributions.  
 
 
Figure 3-10. THF-SEC traces for a) P(t-BA) and b) PLA with targeted DPn = 50 
synthesized via oxygen-tolerant photoinduced Cu-RDRP with 100 μL total reaction 
volume. 
 
In a similar vein, the polymerization of HA and TFEA, as well as MA in the 
presence of a large headspace and in trifluoroethanol (TFE) was unsuccessful, and no 
polymerization was observed. On the contrary, when the low scale polymerizations 
took place in full vial inserts, control over the polymerization was maintained leading 
to PHA50 (Figure 3-27, Table 3-6), PMA50 (Figure 3-28, Table 3-6) and PTFEA50 
a) poly(t-BA)50 b) poly(LA)50
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(Figure 3-11b, Figure 3-29, Table 3-6) with low dispersity values. Although the 
polymerization of TFEA was unsuccessful in the presence of a headspace, the 
methacrylate analogue (TFEMA) was polymerized with  ~ 90 μL headspace, yielding 
a well-defined PTFEMA50 with Mn,SEC = 8,400 g mol
-1 and Đ ~ 1.15 (Figure 3-11a, 
Figure 3-30, Table 3-6). The ability of the semi-fluorinated methacrylate to undergo 
polymerization even in the presence of significant headspace, was attributed to the 
higher degree of oxygen tolerance for the methacrylates compared to acrylates.72  
 
Figure 3-11. THF-SEC traces for a) P(TFEMA) and b) P(TFEA) with targeted DPn = 
50 synthesized via oxygen-tolerant photoinduced Cu-RDRP with 10 μL and  100 μL 
total reaction volume, respectively. 
 
Overall, these experiments suggest that both toluene/MeOH mixture and TFE 
have limited headspace tolerance. The limited headspace tolerance of TFE might not 
be surprising given the capability of fluorinated and semi-fluorinated solvents to act 
as oxygen carriers.73 Nevertheless, by eliminating the headspace, the polymerizations 
proceeded in a controlled manner in all attempted solvents allowing for the low volume 




a) poly(TFEMA)50 b) poly(TFEA)50
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Table 3-6. 1H NMR and SEC analysis for all the different polymers obtained through 
photoinduced Cu-RDRP without any type of deoxygenation and at various solvents 
and scales. a 
a In all polymerizations the volume ratio of monomer to solvent was maintained 1:1 and conversion was calculated 
via 1H NMR. b Determined by THF SEC analysis based on DRI and expressed as molecular weight equivalents to 
PMMA narrow molecular weight standards. c Solvent ratio toluene : methanol = 4 : 1.  
















PMA 10 DMSO 50 99 4,400 5,000 1.11 
PMA 100 TFE 50 99 4,400 5,700 1.13 
PMA 100 Tol-
MeOH 
50 98 4,400 4,400 1.12 
P(PEGA480) 10 DMSO 20 99 9,500 9,300 1.18 
P(EGA)  10 DMSO 50 99 6,700 7,300 1.17 
PLA c,d 100 Tol-
MeOH 
50 75 9,200 9,400 1.19 
P(t-BA) c ,d 100 
Tol-
MeOH 50 97 6,400 7,000 1.2 
PHA d 100 TFE 50 93 7,400 7,600 1.19 
PTFEA d 100 TFE 50 99 7,900 8,900 1.08 
PTFEMA 10 TFE 50 93 8,100 8,400 1.15 
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To investigate the extent of end-group fidelity for the low volume 
photoinduced Cu-RDRP experiments, matrix-assisted laser desorption/ionization time 
of flight (MALDI-ToF) mass spectrometry was employed for the mass analysis of 
PMA with targeted DPn = 25. A predominant polymer peak distribution was identified 
corresponding to polymer chains initiated by EBiB and terminated by the desired 
bromine end-group (Figure 3-12). This suggests that active end-groups can be 
maintained during polymerization, hence allowing for in-situ chain extensions.  
 
 
Figure 3-12. MALDI-ToF spectrum for the deoxygenation-free 10 μL PMA27 
(targeted DPn = 25) revealing the predominant single peak distribution and confirming 
MA as the monomer unit. 
 
However, upon chain extending PMA with an aliquot of EGA, inconsistent 
results were obtained. In particular, the conversion of the second block was either 
minimal (0-10%), if any, or exhibited a significant tailing to low molecular weights 
indicating severe termination events. This was rather surprising since MALDI-ToF 
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3-12). It was thus hypothesized that the additional oxygen (either dissolved in the 
second aliquot of monomer and / or added upon removal of the lid) introduced to the 
system via the addition of the second monomer was detrimental for preserving high 
end-group fidelity. To confirm whether this is the case, PMA with DPn = 42 was 
synthesized and isolated prior to chain extension (Scheme 3-2, Figure 3-31).  
 
Scheme 3-2. Reaction scheme for the synthesis of a) the PMA42 macroinitiator and b) 
the PMA42-b-P(EGA)42 diblock copolymer via photoinduced Cu-RDRP in the 
presence of oxygen, with n = m = 42, R’ =  -CH3, R’’ =  -(CH2)2OCH3. 
 
Upon re-subjecting the PMA42 macroinitiator to irradiation in a fully filled vial 
insert, in the presence of EGA, well-defined block copolymers of P(MA)42-b-
P(EGA)42 could be obtained with the molecular weight distribution shifting to higher 
molecular weights and negligible tailing observed (Figure 3-13a). The final dispersity 
was ~ 1.15 and the control over the molecular weight distributions was not 
compromised (Mn,SEC = 10,200 g mol
-1) even at near quantitative conversions (99%) 
PMA42 macroinitiator synthesis 
P(MA)42–b-P(EGA)42 synthesis
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(Figure 3-32). An identical chain extension experiment was also performed in the 
presence of significant headspace (20 μL / 200 μL). Despite the extent of the 
headspace, a complete shift of the macroinitiator was evident through SEC analysis 
(Mn,SEC  = 10,900) yielding diblock copolymers with low dispersity value (Đ ~ 1.12) 
and high conversion (99%) (Figure 3-13b).  
 
Figure 3-13. THF-SEC traces for the diblock copolymers P(MA)42-b-P(EGA)42 on a 
a) 200 μL scale (absence of headspace) and b) 20 μL scale  ( ~ 180 μL of headspace) 
obtained after chain extension of the isolated PMA42 macroinitiator via oxygen tolerant 
photoinduced Cu-RDRP. 
 
Thus, in DMSO, successful chain extensions with or without headspace can be 
reproducibly achieved by isolating the macroinitiator. These results indicate that, 
indeed a high proportion of ω-bromo functionality can be maintained and that the 
unsuccessful in-situ chain extensions can be explained by the inclusion of additional 
oxygen through the addition of the second monomer.  
The robustness of oxygen tolerant photoinduced Cu-RDRP over the synthesis of 
well-defined materials on a high-multigram scale, was investigated through scaling up 
the polymerization of MA in DMSO (100 ml scale, 50% solids) utilizing a custom 
made UV box equipped with light bulbs with λmax ~ 360 nm (Figure 3-33). However, 
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in all cases, the septa/lid “popped off” leading to poor monomer conversions and 
slightly brown colour attributed to the oxidation of the catalyst, as a result of the 
continuous exposure to oxygen. Due to the exothermic nature of the reaction, which 
was mainly revealed at higher scales, an exit needle was employed to release the 
increase in pressure. Although the monomer conversion increased, very high 
conversions were not achieved, and the dispersity was significantly higher (Đ ~ 1.3) 
when compared to identical experiments at lower volumes.  
As a result, it was envisaged that TFE would be a better alternative given the 
high-end-group fidelity of polymers synthesized in TFE as well as the significant 
thermal stability provided by this solvent. As a result, the polymerization was 
successfully conducted at 100 mL (Figure 3-14c, Table 3-7) and 250 mL (Figure 3-
34) at high conversions (91-94%), exhibiting similar initiator efficiency with the lower 
volume polymerizations and low dispersity values (Đ ~ 1.12) (Table 3-7). 
Additionally, the polymerization on a 0.5 L scale was successfully performed under 
the optimized conditions, yielding well-defined PMA with narrow molecular weight 
distributions (Đ ~ 1.19) and high conversion (91%), thus further highlighting the 
versatility of the reported approach (Figure 3-14d, Table 3-7). 




Figure 3-14. SEC traces for a), b) the low volume PMA50 and c), d) the high scale 
PMA with targeted DPn = 50  synthesized via oxygen tolerant photoinduced Cu-RDRP.  
 
Table 3-7. 1H NMR and SEC analysis for the high scale oxygen tolerant photoinduced 






Mn, SEC b 
(g mol-1) 
Đ 
100 mL 94 4200 4200 1.12 
250 mL 91 4100 4300 1.10 
500 mL 91 4100 5100 1.19 
a In all polymerizations the volume ratio of monomer to solvent was maintained 1:1 and conversion was calculated 
via 1H NMR. b Determined by THF SEC analysis based on DRI and expressed as molecular weight equivalents to 
PMMA narrow molecular weight standards.  
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3.3 Insights into the oxygen tolerance mechanism  
In order to investigate the fate of the dissolved oxygen in the photoinduced Cu-
RDRP system an oxygen probe was employed for the in-situ [O2] monitoring. Under 
conditions identical to the polymerization solution ([M]:[I]:[Cu(II)Br2]:[L] = 
[50]:[1]:[0.02]:[0.12]) and upon UV irradiation (λmax ~ 360 nm), complete oxygen 
consumption was observed in  ~ 5 min (Solution 1) (Figure 3-15). This rapid oxygen 
consumption can be potentially attributed to the reduction of Cu(II)Br2 (by an excess 
of free amine) to active species (Cu(I) and/or Cu(0)). The active species can then 
consume oxygen via two different pathways. In particular, the active species can either 
react directly with oxygen or abstract the bromine from the initiator leading to the 
generation of initiating radicals which can then react with oxygen. 
 
 
Figure 3-15.Graphical illustration of the dissolved oxygen consumption over time  for 
the standard system (solution 1) and the role of the polymerization components on 
oxygen consumption. 
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In order to further investigate, and verify this hypothesis, the contribution of 
the copper source (Cu(II)Br2), the ligand (Me6Tren) and the initiator (EBiB) on the 
evolution of oxygen consumption was monitored individually. Initially, the same 
polymerization mixture (Solution 1) was investigated in the absence of Cu(II)Br2. 
Interestingly, when only initiator and ligand were present, the oxygen consumption 
was decelerated to  ~ 45 min, thus verifying the importance of Cu(II)Br2 to enhance 
the rate of oxygen consumption. In addition, experiments where the concentration of 
Cu(II)Br2 was altered were also performed (Figure 3-16).  
 
Figure 3-16. Graphical illustration of the dissolved oxygen consumption over time 
when different Cu(II)Br2 concentrations were applied.  
 
At very low Cu(II)Br2 concentration (0.001 equiv. with respect to initiator), the 
oxygen consumption was completed after  ~ 20 min. This was attributed to the slow 
generation of active species which can then lead to oxygen consumption. However, at 
higher amounts of Cu(II)Br2 (0.005-0.05 equiv.) little, if any, differences in the rate of 
oxygen consumption were observed ( ~ 6 min). This suggests that upon sufficient 
generation of active species, the oxygen consumption can proceed at the maximum 
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rate. It should also be noted that when the concentration of Cu(II)Br2 either exceeded 
or equalled the ligand concentration, no oxygen consumption was observed. This is to 
be expected as according to the literature, excess of free amine is required to mediate 
the reduction of the copper complex.74,75 
Subsequently, the role of ligand (Me6Tren) was examined (Figure 3-17). In 
the absence of ligand, no oxygen consumption was evident within a 60-minute scale, 
suggesting lack of generated radicals under these conditions. A similar trend was 
observed when less ligand equivalents than Cu(II)Br2 (0.01 and 0.02 with respect to 
initiator) were employed validating previous results, in which an excess of ligand is 
essential to consume oxygen.  
 
 
Figure 3-17. Graphical illustration of the dissolved oxygen consumption over time 
when different ligand concentrations were applied.  
 
However, at higher ligand loadings (0.07 with respect to initiator), oxygen was 
fully consumed in  ~ 15 min. A further gradual increase of the ligand concentration led 
to even faster oxygen consumption (as fast as  ~ 3 min). It can thus be concluded that 
(i) an excess of ligand is necessary to consume the oxygen and (ii) more ligand leads 
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to the generation of more active species which can then directly or indirectly consume 
the oxygen.  
Finally, in-situ [O2] monitoring of Solution 1 in the absence of initiator was 
also conducted. When only Cu(II)Br2 and ligand were present, the second fastest 
oxygen consumption rate (with the first one being the Solution 1 with all the 
components included) was monitored at ~ 27 min (Figure 3-15). This observation 
verifies the initial hypothesis that the copper complex is primarily responsible for the 
oxygen consumption. Moreover, by altering the initiator equivalents (Figure 3-18), it 
can be concluded that when sufficient amount is present, the oxygen consumption 
remains equally fast ( ~ 5 min) regardless of the initiator concentration (0.25, 0.5 and 
1 equivalents of initiator). This is a reasonable observation since the complex is the 
main factor that determines the oxygen consumption and as a result, the same amount 
of active species generated will only react with a constant amount of initiator, even if 
further excess of initiator is available. Interestingly, at extremely high initiator 
loadings (20 equiv. or  ~ 25 % v/v), slower oxygen consumption was observed ( ~ 12 
min) which is likely due to the change of the reaction medium. 
 
Figure 3-18. Graphical illustration of the dissolved oxygen consumption over time 
when different initiator concentrations were applied.  
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In summary, from these experiments it can be inferred that the combination of 
Cu(II)Br2, ligand and initiator synergistically contribute to the oxygen consumption ( 
~ 5 min). Upon exclusion of initiator, the second fastest oxygen consumption is being 
monitored (~ 27 min) which can be predominantly attributed to the reduction of the 
copper complex into active species. Therefore, the presence of initiator is important to 
accelerate the rate of consumption suggesting that the initiating radicals react with 
oxygen more rapidly than the active species. At the same time, in the absence of 
Cu(II)Br2, an even slower oxygen consumption is observed ( ~ 45 min) which implies 
that the initiator and the ligand in the absence of copper, are less significant than the 
complex for the process of oxygen consumption. Although slower, this oxygen 
consumption can be attributed to either the light-induced C-Br bond scission of the 
initiator (generating initiating/propagating radicals) or by the formation of a radical 
cation from the ligand upon irradiation.63,75 Finally, since no oxygen consumption is 
evident in the absence of ligand, it is hypothesized that either the C-Br cleavage does 
not occur at large extent or that the presence of the deactivator is somehow hindering 
the cleavage even in the absence of ligand (i.e. by delivering the bromine back to the 
initiator).  
  




In this chapter, the development of photoinduced Cu-RDRP as an oxygen 
tolerant and multi-scale strategy is presented and discussed. Without conventional 
deoxygenation and in the absence of externally added reducing agents or oxygen 
scavengers, good control over the polymerization and high-end group fidelity are 
maintained, yielding well-defined homo- and block co-polymers for a range of 
monomers with different hydrophobicity. The facile and efficient nature of this 
approach is applicable to a big range of polymerization scales, from as low as 5 μL, 
up to 0.5 L. Furthermore, semi-fluorinated (meth)acrylates are polymerized via this 
simplified methodology, providing access to a range of polymer families. Furthermore, 
the mechanism of oxygen consumption and the role of the polymerization reagents in 
this system is elucidated via the employment of an oxygen probe. The proposed 
methodology renders the oxygen-tolerant photoinduced Cu-RDRP a multi-applicable 
strategy for the synthesis of a range of materials, on different scales with undemanding 
setup. 
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3.5 Experimental Section  
3.5.1 Materials  
Methyl acrylate (MA, 99%), n-butyl acrylate (n-BA, ≥99%), tert-butyl acrylate 
(t-BA, 98%), ethylene glycol methyl ether acrylate (EGA, 98%), hexyl acrylate (HA, 
98%), lauryl acrylate (LA, 90%) 2,2,2-trifluoroethyl acrylate (TFEA, 99%), ethyl α-
bromoisobutyrate (EBiB, 98%), copper(II) bromide (Cu(II)Br2, 99%) and all the 
solvents were purchased from Sigma-Aldrich and used as received. 2,2,2-
trifluoroethyl methacrylate (TFEMA) was purchased from Cornelius and used as 
received. Tris-(2-(dimethylamino)ethyl)amine (Me6Tren) was synthesized and stored 
in the fridge.  
 
3.5.2 Instrumentation and Characterization techniques  
Proton Nuclear Magnetic Resonance (1H NMR) 
1H Nuclear Magnetic Resonance. 1H NMR spectra were recorded on Bruker DPX-
300 or DPX-400 spectrometers in deuterated chloroform (CDCl3) or deuterium oxide 
(D2O) obtained from Sigma-Aldrich. Chemical shifts are given in ppm downfield from 
the internal standard tetramethylsilane. Monomer conversions were determined via 1H 
NMR spectroscopy by comparing the integrals of monomeric vinyl protons to polymer 
signals.  
 
Size Exclusion Chromatography (SEC) 
THF. SEC measurements were carried out with an Agilent 390-LC MDS 
instrument equipped with differential refractive index (DRI), viscometry (VS), dual 
angle light scatter (LS) and dual wavelength UV detectors. The system was equipped 
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with 2 x PLgel Mixed C columns (300 x 7.5 mm) and a PLgel 5 µm guard column. 
The eluent was THF with 2 % TEA (triethylamine) and 0.01 % BHT (butylated 
hydroxytoluene) additives. Samples were run at 1 mL / min at 30 oC. Poly(methyl 
methacrylate) and polystyrene standards (Agilent EasyVials) were used to create a 
third order calibration between 550 g mol-1 and 1,568,000 g mol-1. Analyte samples 
were filtered through a GVHP membrane with 0.22 μm pore size before injection. 
Respectively, experimental molar mass (Mn,SEC) and dispersity (Đ) values of 
synthesized polymers were determined by conventional calibration using Agilent 
GPC/SEC software (version A.02.01). 
 
Matrix assisted laser desorption-ionization time-of-flight mass spectrometry 
(MALDI-ToF-MS).  
MALDI-ToF-MS measurements were conducted using a Bruker Daltonics 
Ultraflex II MALDI-ToF mass spectrometer, equipped with a nitrogen laser delivering 
2 ns laser pulses at 337 nm with positive ion ToF detection performed using an 
accelerating voltage of 25 kV. Solutions in tetrahydrofuran (THF) (50 µL) of trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propyldene] malononitrile (DCTB) as a matrix 
(saturated solution), sodium iodide as the cationization agent (1.0 mg mL−1) and 
sample (1.0 mg mL−1) were mixed, and 0.7 µL of the mixture was applied to the target 
plate. Spectra were recorded in reflectron mode calibrated with poly(ethylene glycol) 
monomethyl ether (PEG-Me) 1900 kDa. 
 
Oxygen Probe. Pocket Oxygen Meter - FireStingGO2 (Pyro Science):  The 
solvent-resistant oxygen probe OXSOLV measures oxygen partial pressure in most 
polar and nonpolar solvents. It is based on optical detection principles (REDFLASH 
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technology) and can be used both in pure and complex organic solvents. The fiber-
optic oxygen sensor tip is covered with a stainless-steel tube 1.5 mm in diameter and 
150 (or 40) mm in length. The analysis of the data was conducted with the 
FireStingGO2 Manager software. 
UV Source. A UV nail gel curing lamp (λmax ~ 365 nm) with four 9-Watt bulbs was 
used. 
 
3.5.3 Experimental procedures 
Typical 8 mL scale deoxygenation-free photoinduced Cu-RDRP of MA (targeted 
DPn = 50) in DMSO  
An 8 mL total volume capacity glass vial was charged with Cu(II)Br2 (4.0 mg, 0.02 
eq.) and DMSO (4 mL). Me6Tren (28.3 µL, 0.12 eq.) was added through a microliter 
syringe and the solution was vortexed for ~ 1 minute. MA (4 mL, 50 eq.), EBiB (129 
µL, 1 eq.) and a stirrer bar were added, and the vial was septum-sealed. The 
polymerization was allowed to commence for 2 hours under a UV nail lamp (λmax ~ 
360 nm). Conversions were measured using 1H NMR in CDCl3 and SEC analysis was 
conducted in THF after the samples having been passed through neutral alumina for 
the removal of copper salts. 
 
Typical deoxygenation-free photoinduced Cu-RDRP of MA (targeted DPn = 50) in 
DMSO or TFE or toluene-MeOH   
A stock solution of Cu(II)Br2 (1.0 mg, 0.02 eq.), Me6Tren (9.5 µL, 0.12 eq.) and the 
solvent (1 mL of DMSO or 1 mL of TFE or toluene (0.8 mL )-MeOH (0.2 mL) ) was 
prepared. The solution was vortexed for ~ 1min (or sonicated for > 10 min when TFE 
was used) and MA (1 mL, 50 eq.) and EBiB (32 μL, 1 eq.) were added. Aliquots of 
200 μL- 5μL were charged in vial inserts and sealed with NMR-tube lids. The 
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polymerization reactions were placed for 2 hours under a UV nail lamp (λmax ~ 360 
nm) and conversions were measured though 1H NMR in CDCl3. SEC analysis was 
conducted in THF after the samples having been passed through neutral alumina for 
the removal of copper salts. For targeted DPn = 100 the reaction was left for 4 hours 
(99% conversion), 12 hours for DPn   = 200 (92% conversion) and for DPn = 400 the 
polymerization was left to commence overnight (82% conversion). 
Typical deoxygenation-free photoinduced Cu-mediated RDRP of (t-BA) with 
targeted DPn = 50 in toluene-MeOH (4 : 1). 
A stock solution of Cu(II)Br2 (0.61 mg, 0.02 eq.), toluene (0.8 mL)-MeOH (0.2 mL) 
and Me6Tren (4.4 µL, 0.12 eq.) was prepared and vortexed for ~ 1 minute. t-BA (1 
mL, 50 eq.) and EBiB (20 µL, 1 eq.) were added and aliquots of 100 μL and 10 μL 
were charged in vial inserts and sealed with NMR-tube lids. The polymerizations were 
allowed to commence for 10 hours under a UV lamp (λmax ~ 360 nm). Conversions 
were measured using 1H NMR in CDCl3 and SEC analysis was conducted in THF after 
the samples having been passed through neutral alumina for the removal of copper 
salts.  
Typical deoxygenation-free photoinduced Cu-mediated RDRP of (HA) with 
targeted DPn = 50 in TFE  
A stock solution of Cu(II)Br2 (0.51 mg, 0.02 eq.), TFE (1 mL) and Me6Tren (3.7 µL, 
0.12 eq.) was prepared and sonicated for >10 minutes. HA (1 mL, 50 eq.) and EBiB 
(17 µL, 1 eq.) were added in the solution and aliquots of 100 μL and 10 μL were 
charged in vial inserts and sealed with NMR-tube lids. The polymerizations were 
allowed to commence overnight under a UV lamp (λmax ~ 360 nm). Conversions were 
measured using 1H NMR in CDCl3 and SEC analysis was conducted in THF after the 
samples having been passed through neutral alumina for the removal of copper salts.  
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Typical deoxygenation-free photoinduced Cu-mediated RDRP of EGA with 
targeted DPn = 50 in DMSO  
A stock solution of Cu(II)Br2 (0.675 mg, 0.02 eq.), DMSO (1 mL) and Me6Tren (5 µL, 
0.12 eq.) was prepared and vortexed for ~ 1 min. EGA (1 mL, 50 eq.) and EBiB (22.8 
µL, 1 eq.) were added in the solution and aliquots of 100 μL and 10 μL were charged 
in vial inserts and sealed with NMR-tube lids. The polymerizations were allowed to 
commence for 2 hours under a UV lamp (λmax ~ 360 nm). Conversions were measured 
using 1H NMR in CDCl3 and SEC analysis was conducted in THF after the samples 
having been passed through neutral alumina for the removal of copper salts.  
 
Typical deoxygenation-free photoinduced Cu-mediated RDRP of PEGA480 with 
targeted DPn = 20 in DMSO  
A stock solution of Cu(II)Br2 (0.5 mg, 0.02 eq.), DMSO (1 mL) and Me6Tren (3.7 µL, 
0.12 eq.) was prepared and vortexed for ~ 1 minute. PEGA480 (1 mL, 20 eq.) and EBiB 
(16.8 µL, 1 eq.) were added in the solution and aliquots of 100 μL and 10 μL were 
charged in vial inserts and sealed with NMR-tube lids. The polymerizations were 
allowed to commence for 2 hours under a UV lamp (λmax ~ 360 nm). Conversions were 
measured using 1H NMR in D2O and SEC analysis was conducted in THF after the 
samples having been passed through neutral alumina for the removal of copper salts.  
 
Typical photoinduced Cu-mediated RDRP of TFEA with targeted DPn = 50 in 
TFE  
A stock solution of Cu(II)Br2 (0.7 mg, 0.02 eq.), TFE (1 mL) and Me6Tren (5 µL, 0.12 
eq.) was prepared and sonicated for >10 minutes. TFEA (1 mL, 50 eq.) and EBiB (23 
µL, 1 eq.) were added in the solution and aliquots of 100 μL and 10 μL were charged 
in vial inserts and sealed with NMR-tube lids. The polymerizations were allowed to 
commence for 24 hours under a UV lamp (λmax ~ 360 nm). Conversions were measured 
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using 1H NMR in CDCl3 and SEC analysis was conducted in THF after the samples 
having been passed through neutral alumina for the removal of copper salts.  
 
Typical photoinduced Cu-mediated RDRP of TFEMA with targeted DPn = 50 in 
TFE  
A stock solution of Cu(II)Br2 (0.63 mg, 0.02 eq.), TFE (1 mL) and Me6Tren (4.5 µL, 
0.12 eq.) was prepared and sonicated for >10 minutes. TFEMA (1 mL, 50 eq.) and 
MBPA (22 µL, 1 eq.) were added in the solution and aliquots of 100 μL and 10 μL 
were charged in vial inserts and sealed with NMR-tube lids. The polymerizations were 
allowed to commence for 19 hours under a UV lamp (λmax ~ 360 nm). Conversions 
were measured using 1H NMR in CDCl3 and SEC analysis was conducted in THF after 
the samples having been passed through neutral alumina for the removal of copper 
salts.  
 
Typical photoinduced Cu-mediated RDRP of PMA macroinitiator with DPn = 42 
in DMSO 
MA (12 mL or 11.46 g, 50 eq.), EBiB (0.391 mL, 1 eq.), Cu(II)Br2 (11.9 mg, 0.02 eq.) 
and DMSO (12 mL) were added to a septum sealed vial and the mixture was 
subsequently deoxygenated by bubbling with nitrogen for 15 minutes. Me6Tren (86 
μL, 0.12 eq.) was then introduced in the vial via a gas-tight syringe and the 
polymerization was allowed to commence under UV irradiation for 45 minutes. SEC 
analysis was conducted in THF after the sample having been passed through neutral 
alumina for the removal of dissolved copper salts. The polymer was isolated via three 
precipitations in MeOH:H2O (70% MeOH) and dried under vacuum. The degree of 
polymerization of the PMA was calculated by 1H NMR in CDCl3. 
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Typical chain extension of PMA with EGA via photoinduced Cu-mediated RDRP 
A stock solution of CuBr2 (2.48 mg, 0.02 eq.) and Me6Tren (17.8 μL, 0.12 eq.) was 
prepared in DMSO (1 mL). 100 µL of this catalyst solution (0.02 equiv. CuBr2 and 
0.12 equiv. Me6Tren), PMA macroinitiator (0.25 g, DPn = 42, 1 eq.) dissolved in 
DMSO (0.5 mL) and EGA (0.357 mL, 42 eq.) were mixed and a 200 µL aliquot of this 
solution was added to a capped vial insert prior to UV irradiation for 7 hours. 
Conversions were measured using 1H NMR in CDCl3 and SEC analysis was conducted 
in THF after the samples having been passed through neutral alumina for the removal 
of copper salts.  
 
High-scale deoxygenation-free photoinduced Cu-mediated RDRP of MA with 
targeted DPn = 50 in DMSO or TFE 
A 0.5 L round bottom flask (RBF) was charged with Cu(II)Br2 (250 mg, 0.02 eq.) and 
DMSO or TFE (250 mL). Me6Tren (1.769 mL, 0.12 eq.) was added and the solution 
was sonicated for ~ 15 minutes. MA (250 mL, 50 eq.), EBiB (8.063 mL, 1 eq.) and 
stirrer bar were added. The RBF was septum-sealed and an exit needle was added and 
maintained throughout the whole duration of the polymerization in order to facilitate 
gas-pressure release. The polymerization was allowed to commence overnight under 
a custom-made UV box with λmax ~ 360 nm. Conversions were measured using 
1H 
NMR in CDCl3 and SEC analysis was conducted in THF after the samples having been 
passed through neutral alumina for the removal of copper salts.  
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3.5.4 Supplementary Figures & Characterization 
 
Scheme 3- 3. Reaction scheme for the oxygen tolerant photoinduced Cu-RDRP of MA 
with targeted DPn = 50. Conditions: [MA]:[EBiB]:[CuBr2]:[Me6Tren] = 
[50]:[1]:[0.02]:[0.12] in 50 % v/v DMSO, under a UV nail lamp with broad band 




Figure 3- 19. 1H NMR spectrum in CDCl3 for PMA with targeted DPn = 50 synthesized 
via low volume oxygen tolerant photoinduced Cu-mediated RDRP with 
[MA]:[EBiB]:[CuBr2]:[Me6Tren] = [50]:[1]:[0.02]:[0.12] in 50 % v/v DMSO under a 
UV nail lamp with broad band emission and λmax ~ 360 nm. 
 
 




Figure 3-20. THF-SEC trace of PMA with targeted DPn = 50 synthesized via oxygen 
tolerant photoinduced Cu-mediated RDRP in 60 μL (total reaction volume). 
 
 
Figure 3-21.THF-SEC trace of PMA with targeted DPn = 50 synthesized via oxygen 




Scheme 3-4. Reaction scheme for the oxygen tolerant photoinduced Cu-RDRP of 
EGA with targeted DPn = 50. Conditions: [EGA]:[EBiB]:[CuBr2]:[Me6Tren] = 
[50]:[1]:[0.02]:[0.12] in 50 % v/v DMSO, under a UV nail lamp with broad band 
emission and λmax ~ 360 nm. 




Figure 3-22. 1H NMR spectrum in CDCl3 for P(EGA) with targeted DPn = 50 
synthesized via oxygen tolerant photoinduced Cu-mediated RDRP on a 10 μL scale 





Scheme 3-5. Reaction scheme for the oxygen tolerant photoinduced Cu-RDRP of 
PEGA480 with targeted DPn = 50. Conditions: [PEGA480]:[EBiB]:[CuBr2]:[Me6Tren] = 
[20]:[1]:[0.02]:[0.12] in 50 % v/v DMSO, under a UV nail lamp with broad band 
emission and λmax ~ 360 nm. 
 




Figure 3-23. 1H NMR spectrum in D2O for P(PEGA480) with targeted DPn = 20 
synthesized via oxygen tolerant photoinduced Cu-mediated RDRP of on a 10 μL scale 





Scheme 3-6. Reaction scheme for the oxygen tolerant photoinduced Cu-RDRP of t-
BA with targeted DPn = 50. Conditions: [t-BA]:[EBiB]:[CuBr2]:[Me6Tren] = 
[50]:[1]:[0.02]:[0.12] in 50 % v/v toluene-methanol (4:1) (or DMF, DMSO), under a 
UV nail lamp with broad band emission and λmax ~ 360 nm. 
 




Figure 3-24. 1H NMR spectrum in CDCl3 for P(t-BA) with targeted DPn = 50 
synthesized via oxygen tolerant photoinduced Cu-mediated RDRP of on a 100 μL 




Figure 3-25. SEC trace for PMA50 synthesized on a 100 μL scale via oxygen tolerant 
photoinduced Cu-RDRP utilizing MeOH-Toluene (1:4) as solvent system using a UV 
lamp with broad band emission and λmax ~ 360 nm. 
 




Scheme 3-7. Reaction scheme for the oxygen tolerant photoinduced Cu-RDRP of HA 
with targeted DPn = 50. Conditions: [HA]:[EBiB]:[CuBr2]:[Me6Tren] = 
[50]:[1]:[0.02]:[0.12] in 50 % v/v TFE, under a UV nail lamp with broad band emission 




Figure 3-26. 1H NMR spectrum in CDCl3 for PHA with targeted DPn = 50 synthesized 
via oxygen tolerant photoinduced Cu-RDRP on a 100 μL scale with 
[HA]:[EBiB]:[CuBr2]:[Me6Tren] = [50]:[1]:[0.02]:[0.12] in 50 % v/v TFE. 
 




Figure 3-27. THF-SEC trace for PHA with targeted DPn = 50  synthesized on a 100 μL 
scale via oxygen tolerant photoinduced Cu-RDRP in TFE using a UV lamp with broad 




Figure 3-28. SEC trace for PMA with targeted DPn = 50 synthesized on a 100/100 μL 
scale via oxygen tolerant photoinduced Cu-RDRP in TFE using a UV lamp with broad 
band emission and  λmax ~ 360 nm. 
 
 
Scheme 3-8. Reaction scheme for the oxygen tolerant photoinduced Cu-mediated 
RDRP of TFEA on a 100 μL scale with [TFEA]:[EBiB]:[CuBr2]:[Me6Tren] = 
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[50]:[1]:[0.02]:[0.12] in 50 % v/v TFE using a UV lamp with broad band emission and  




Figure 3-29. 1H NMR spectrum in CDCl3 for PTFEA with targeted DPn = 50 
synthesized via oxygen tolerant photoinduced Cu-RDRP on a 100 μL scale with 




Scheme 3-9. Reaction scheme for the oxygen tolerant photoinduced Cu-mediated 
RDRP of TFEMA on a 10 μL scale with [TFEA]:[EBiB]:[CuBr2]:[Me6Tren] = 
[50]:[1]:[0.02]:[0.12] in 50 % v/v TFE using a UV lamp with broad band emission and  
λmax ~ 360 nm. 
 
 




Figure 3-30. 1H NMR spectrum in CDCl3 for PTFEMA with targeted DPn = 50 
synthesized via oxygen tolerant photoinduced Cu-RDRP on a 10 μL scale with 
[TFEMA]:[EBiB]:[CuBr2]:[Me6Tren] = [50]:[1]:[0.02]:[0.12] in 50 % v/v TFE. 
 
 
Figure 3-31. THF-SEC trace for the PMA42 macroinitiator synthesized via 
photoinduced Cu-RDRP in DMSO using a UV lamp with broad band emission and  
λmax ~ 360 nm. 
 




Figure 3-32. 1H NMR spectrum in CDCl3 for the diblock copolymer P(MA)42-b-
P(EGA)42 synthesized via low-volume oxygen tolerant photoinduced Cu-mediated 
RDRP. For the macroinitiator [MA]:[EBiB]:[CuBr2]:[Me6Tren] = 
[42]:[1]:[0.02]:[0.12] in 50 % v/v DMSO. The block copolymerization was achieved 




Figure 3-33. Custom-made UV box setup for the high-scale polymerizations with 4 9-
W bulbs, broad band emission and λmax ~ 360 nm. 
 




Figure 3-34. THF-SEC trace for PMA with targeted DPn = 50 synthesized on  250 mL 
scale via oxygen tolerant photoinduced Cu-RDRP in TFE using a UV lamp with broad 
band emission and  λmax ~ 360 nm. 
 
 
Figure 3-35. THF-SEC trace for PMA with targeted DPn = 50 synthesized on  5 mL 
scale (headspace 3 mL) via oxygen tolerant photoinduced Cu-RDRP in DMSO using 
a UV lamp with broad band emission and  λmax ~ 360 nm. 
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 Rapidly Self-deoxygenating 
Controlled Radical Polymerization in 
water via in-situ Disproportionation 
of Cu(I) 
 
This chapter focuses on the development of a rapidly self-deoxygenating Cu-RDRP in 
aqueous media. The disproportionation of Cu(I)/Me6Tren in water towards Cu(II) and 
highly reactive Cu(0) leads to O2-free reaction environments within the first seconds of the 
reaction, even when the reaction takes place in the open-air. By leveraging this significantly 
fast O2-reducing activity of the disproportionation reaction, a range of well-defined water-
soluble polymers with narrow dispersity are attained in a few minutes or less. This 
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methodology provides the ability to prepare block copolymers via sequential monomer 
addition with little evidence for chain termination over the lifetime of the polymerization 
and allows for the synthesis of star-shaped polymers with the use of multi-functional 
initiators. The use of various characterization tools provides insights into this self-
deoxygenating platform and identifies the species that participate in the oxygen 
consumption, as well as the species generated upon exposure of the solution to O2-rich 
environments.  
 
4.1 Introduction  
Reversible Deactivation Radical Polymerization (RDRP) methods, including 
atom-transfer radical polymerization (ATRP),1,2  single electron transfer-living radical 
polymerization (SET-LRP),3,4  reversible addition–fragmentation chain-transfer 
polymerization (RAFT)5,6  and nitroxide-mediated polymerization (NMP)7,8  have provided 
access to an increasing range of well-defined materials with sophisticated architectures, 
various functionalities and controlled (macro)molecular characteristics.9–11  Until recently, 
a notable hindrance for development has been intolerance towards oxygen/air. 
Consequently, controlled radical polymerization processes conducted in the presence of air 
are inhibited due to the ability of oxygen to react with carbon-centered radicals, leading to 
the formation of peroxy radicals via side reactions. 12–14  
Although the traditionally applied deoxygenation approaches, including freeze-
pump-thaw cycles and N2/Ar sparging are unarguably efficient for O2 removal, they can be 
disadvantageous when volatile reagents are deoxygenated leading to their evaporation, and 
they are often incompatible with new polymerization platforms (i.e. high-throughput) 
approaches were the reaction scales are low.15–17  In this context, research has been recently 
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focused on the replacement of these traditional methods either chemically through oxygen 
scavengers and reducing agents (i.e. glucose oxidase (GOx)),18–21 ascorbic acid,17,22–25 
hydrazine,26,27 photoredox catalysts28–30) or by physically displacing the oxygen through 
headspace elimination.16,31,32  
The reaction medium plays an important role on the evolution of an oxygen tolerant 
polymerization, since not only does the concentration of dissolved O2 vary in different 
solvents, but also differs with changes in temperature, solution viscosity and pressure.33–35 
Although oxygen tolerance and consumption has been investigated in organic media, 
oxygen tolerant polymerization in aqueous media can be considered as a challenging task 
since, apart from the high concentration of dissolved O2 in water (> 8 mg/L at ambient 
temperature) there is high potential of side reactions including hydrolysis or elimination of 
the R-X or P-X bond and dissociation of the deactivating Cu(II) species when Cu-RDRP 
is applied,36–38 as well as hydrolysis of the (macro-)chain transfer agent (CTA or macro-
CTA),5,39 in the case of RAFT. Consequently, oxygen tolerant polymerizations in aqueous 
media, require the efficient removal of oxygen from the polymerization solution, and also 
necessitate rapid rates in order to avoid these chain termination events.  
In order to avoid conventional deoxygenation in aqueous-mediated RAFT 
photopolymerization of N,N-dimethylacrylamide, Boyer and colleagues reported the use of 
a zinc porphyrin photocatalyst (ZnTPPS4−) with ascorbic acid as a singlet oxygen 
quencher.40 In a separate study, the same group demonstrated the combination of eosin Y 
with ascorbic acid as a reducing agent system, for the oxygen tolerant aqueous RAFT 
photopolymerization at low volumes.17 The addition of Cu(0) and ascorbic acid as reducing 
agents, was reported by He and co-workers, for the surface-initiated ATRP of 2-
hydroxyethyl methacrylate.41,42 Matyjaszewski and colleagues have reported the 
conversion of O2 to CO2 through GOx, for the aqueous ATRP of oligo(ethylene oxide) 
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methyl ether methacrylate (OEOMA500) in the presence of pyruvates
21 or horseradish 
peroxidase.43 Recently, Bennetti and colleagues reported an oxygen tolerant Fe(0) system 
for the SI-ATRP of polymer brushes in aqueous media, where the iron acts both as a 
source of catalyst and as a reducing agent showing excellent cytocompatibility towards 
mammalian cells for preparation of biomaterials.44  
Herein, the instantaneously self-deoxygenating aqueous Cu-RDRP of various 
monomers is reported, by avoiding conventional deoxygenation methods and external 
reducing agents. The disproportionation of Cu(I) in the presence of Me6Tren as a tertiary 
amine aliphatic sigma-donor ligand in water towards Cu(0) and Cu(II) is exploited, leading 
to full oxygen consumption within a few seconds, both in sealed and open-air conditions. 
Owing to the rapid O2 reducing activity of the disproportionation reaction, a range of 
hydrophilic homo- and block co-polymers with controlled molecular weight, low dispersity 
and high-end group fidelity are synthesized within minutes. The aqueous oxygen 
consumption profile is elucidated by the in-situ online monitoring of the dissolved [O2] 
through a fiber-optic oxygen monitoring probe, and the effect of the catalyst and ligand 
concentration, as well as the effect of different solvents are presented and discussed. A 
number of analytical methods collectively verify the rapid oxidation of Cu-species and 
elucidate the nature of the oxidized products.  




Scheme 4-1. Schematic representation of the self-deoxygenating Cu-RDRP of 
acrylamides employing the pre-disproportionation of Cu(I)Br/Me6Tren in water. 
 
4.2 Results and Discussion 
4.2.1 Self-deoxygenating aqueous Cu-RDRP 
Initially, in order to examine the ability to carry out efficient polymerization 
reactions in the presence of oxygen/air, the aqueous Cu-RDRP of N-isopropylacrylamide 
(NiPAm) was conducted without any type of external deoxygenation (Scheme 4-1), using 
only headspace elimination, following the conditions [I] : [DPn] : [Cu(I)Br] : [Me6Tren] = 
1 : 50 : 0.4 : 0.4. For this purpose, a sealed 8 mL glass vial was charged with Cu(I)Br, 1 mL 
H2O and Me6Tren, and was placed in ice-bath with rapid stirring (900 rpm) for 60 seconds. 
Upon formation of a heterogeneous blue solution (indication of the formation 
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[Cu(II)(H2O)6)] with a black-purple Cu(0) precipitate, an aqueous solution of NiPAm and 
the water-soluble initiator (2, 3-dihydroxypropyl 2-bromo-2-methylpropanoate) were 
added in the disproportionation solution, and the polymerization left to commence. Kinetic 
studies were performed to reveal rapid polymerization rates, with >99% monomer 
conversion after only 12 minutes (Figure 4-1a&c, Table 4-1) in accordance with previous 
results, as well as low dispersity being achieved (Ð = 1.15) and good agreement between 
experimental and theoretical Mn values (Mn,SEC = 6,200 g/mol and Mn,th. =  5,900 g/mol) 
verifying the versatility to carry out the polymerization without prior removal of dissolved 
oxygen (Figure 4-1e, Table 4-1). Furthermore, when the PNiPAm50 from this non-
deoxygenated reaction was compared with the N2-sparged deoxygenation, good agreement 
was observed between both the two Mn, SEC values and the dispersities (Figure 4-23, Table 
4-1). 
The aqueous Cu-RDRP of NiPAm with targeted DPn = 50 was also investigated 
under “open to air” conditions, performing both the disproportionation of Cu(I) and the 
polymerization reaction without sealing the vial, whilst applying a fast stirring rate (900 
rpm). Although the polymerization reached near-quantitative conversion (> 99%) after 12 
minutes (similarly to the sealed reaction) (Figure 4-1d), and control over the molecular 
weight and dispersity was observed (Figure 4-1f, Table 4-1),  an induction period, ascribed 
to continuous O2 diffusion into the reaction, was observed (Figure 4-1b), which was further 
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Table 4-1. 1H NMR and DMF-SEC analysis for PNiPAm with targeted DPn = 50 
synthesized via N2-deoxygenated, non-deoxygenated (sealed vial) and open-to-air 




1H NMR b 








N2 sparging >99 6,200 5,900 1.10 12 
No deoxygenation/sealed >99 7,200 5,900 1.13 12 
No deoxygenation/ 
open-to-air 
>99 6,800 5,900 1.12 12 
a In all polymerizations, the monomer concentration was 10 w/v %  and the conditions were [I] : [DPn] : [Cu(I)Br] : 
[Me6Tren] = 1 : 50 : 0.4 : 0.4. b Conversion was calculated via 1H NMR in D2O.  c Determined by DMF-SEC analysis 
based on DRI and expressed as molecular weight equivalents to PMMA narrow molecular weight standards. 
 
 
Figure 4-1. Kinetic studies for the self-deoxygenating aqueous Cu-RDRP of NiPAm 
with targeted DPn = 50 when the polymerization was carried out in (a, c, e) sealed vial 
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and ln([M]0/[M]] over time (middle) and DMF-SEC derived molecular weight 
distributions (bottom). 
 
Consequently, in order to further investigate the robustness of this system, higher 
molecular weights were targeted, applying the same conditions i.e. low monomer 
concentration of 10 w/v % and low temperature without any external deoxygenation. It has 
previously been reported that when DPn  ≥  80 was targeted, the ratio [Cu(I)Br] : [Me6Tren] 
= 1 : 1 resulted in inefficient deactivation, which was observed as high dispersity values.45 
Therefore, for PNiPAm with targeted DPn = 100, 200 and 400 twice as much Cu(I)Br as for 
DPn = 50 was used, following the conditions [I] : [M] : [Cu(I)Br] : [Me6Tren] = 1 : DPn : 
0.8 : 0.4.  
 It should be noted that, although the polymerization with targeted DPn = 50 reached 
>99% conversion after only 12 minutes, for higher molar masses longer reaction times were 
required with DPn = 200 taking 60 minutes to reach  >99 % conversion and DPn = 400 
taking up to 90 minutes (Figure 4-2, Table 4-2). Furthermore, when DPn = 400 was initially 
targeted with 10 w/v % monomer concentration, the polymerization was not successful 
while when 20 w/v % (thus higher catalyst concentration) was used, high conversion, low 
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Table 4-2. 1H NMR and  DMF-SEC analysis of PNiPAm with targeted DPs = 100-
400 synthesized via self-deoxygenating aqueous Cu-RDRP with the pre-




















50 >99 6,200 5,900 1.15 0.4 : 0.4 12 
100 >99 14,800 11,600 1.08 0.8 : 0.4 60 
200 >99 25,100 22,900 1.15 0.8 : 0.4 60 
400 92 39,600 41,900 1.18 0.8 : 0.4 90 
a In all polymerizations the monomer concentration was 10 w/v %. b Conversion was calculated via 1H NMR in 
D2O. c Determined by DMF-SEC analysis based on DRI and expressed as molecular weight equivalents to PMMA 
narrow molecular weight standards. 
 
 
Figure 4-2. DMF-SEC derived molecular weight distributions of PNiPAm with 
targeted DPs = 50-400 synthesized via self-deoxygenated aqueous Cu-RDRP with the 
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In order to expand the versatility of this methodology, we investigated the 
implementation of the aqueous self-deoxygenated system for both acrylates and 
acrylamides, as well as more complex polymer architectures including star-shaped 
polymers. NiPAm, N-hydroxyethyl acrylamide (HEAm) (Table 4-3, Figure 4-3a, Figure 
4-25), N, N dimethylacrylamide (DMA) (Table 4-3, Figure 4-3d),  poly(ethylene glycol) 
methyl ethyl acrylate (PEGA480) (Table 4-3, Figure 4-3b, Figure 4-26) and N-
acryloylmorpholine (NAM) (Table 4-3, Figure 4-3c, Figure 4-27) were polymerized 
through aqueous Cu-RDRP, without applying any type of external deoxygenation, 
resulting in excellent control over the obtained Mn,SEC values, with low dispersity and at 
near-quantitative conversions in short reaction times.  
 
Table 4-3. Macromolecular characteristics and reaction time of the various linear 




1H NMR d 
Mn,SEC 
(g mol-1) e 
Mn,th. 




PNiPAm b 100 > 99 16,200 11,600 1.14 15 
PHEAm b 100 > 99 26,200 11,800 1.17 15 
P(PEGA480)
 c 20 98 9,300 9,600 1.17 30 
PNAM b 40 98 7,100 5,800 1.09 240 
PDMA b 80 > 99 11,300 8,200 1.15 20 
a In all polymerizations the monomer concentration was 10 w/v %. b [Cu(I)Br] : [Me6Tren] = [0.8] : [0.4]. c [Cu(I)Br] 
: [Me6Tren] = [0.4] : [0.4]. d Conversion was calculated via 1H NMR in D2O. e Determined by DMF-SEC analysis 
based on DRI and expressed as molecular weight equivalents to PMMA narrow molecular weight standards. 




Figure 4-3. Reaction scheme (top) and DMF-SEC derived molecular weight 
distributions of a) PHEAm with targeted DPn = 100, b) P(PEGA480) with targeted DPn 
= 20, c) PNAM with targeted DPn = 40 and d) PDMA with targeted DPn = 80 
synthesized via self-deoxygenated aqueous Cu-RDRP with the pre-disproportionation 
of Cu(I)/Me6Tren in H2O at 0 
oC. 
 
Subsequently, since star-shaped polymers have gained much academic interest due 
to their diverse properties,9,46,47 the self-deoxygenating approach was applied for the 
synthesis of star-shaped PHEAm polymers with overall targeted DPn = 60, 80 and 120. For 
this purpose, 3-, 4- and 8-arm multifunctional initiators (Scheme 4-2) were utilized for the 
synthesis of PHEAm star-shaped polymers with each arm having a targeted DPn = 20. As 
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in  water – organic solvent mixtures (either methanol or DMSO), with the pre-
disproportionation of Cu(I) carried out in pure water in each case.48  As a result, PHEAm 
star-shaped polymers were obtained at near-quantitative conversions (>99%) and narrow 
molecular weight distributions (Ð = 1.11-1.2) in less than 2 hours (Table 4-4, Figure 4-4). 
It should be noted that the higher than the theoretical Mn,SEC values for both linear and star-
shaped PHEAm are attributed to interactions of the two -OH groups with the SEC-column 
and such deviations are observed for all the HEAm-derived polymers.  
 
Scheme 4-2. Chemical structures for the different multi-functional initiators used for 
the synthesis of star-shaped polymers. 
 
Table 4-4. Macromolecular characteristics and reaction time of the various star-shaped 




1H NMRb  









>99 17,200 1.20 60 1.2 : 1.2 d 
4-arm 
PHEAm80 
>99 18,600 1.20 90 3.2 : 2.4 e 
8-arm 
PHEAm160 
>99 26,500 1.12 120 6.4 : 4.8 f 
a In all polymerizations the monomer concentration was 10 w/v %. b Conversion was calculated via 1H NMR in 
D2O. c Determined by DMF-SEC analysis and expressed as molecular weight equivalents to PMMA narrow 
molecular weight standards. d for each initiator -Br site : [Cu(I)Br] : [Me6Tren] = 0.4 : 0.4, e for each initiator -Br 
site : [Cu(I)Br] : [Me6Tren] = 0.8 : 0.6, f  for each initiator -Br site : [Cu(I)Br] : [Me6Tren] = 0.8 : 0.6. 




Figure 4-4. DMF-SEC derived molecular weight distributions for the star-shaped 
PHEAm utilizing a) 3-arm initiator and targeted overall DPn = 60, b) 4-arm initiator 
and targeted overall DPn = 80 and c) 8-arm initiator and targeted overall DPn = 160, 
synthesized via self-deoxygenating Cu-RDRP in water – organic solvent mixtures.  
 
The extent of end group fidelity was investigated in this approach, given the non-
deoxygenated environment as well as the side reactions which are well-known to occur in 
aqueous media. For this purpose, MALDI-ToF-MS was employed for the mass 
characterization of PNiPAm with targeted DPn = 50, synthesized in a sealed vial. MALDI-
ToF analysis revealed that there are peak distributions corresponding to polymer chains 
that had undergone both elimination and hydrolysis of the alkyl halide, whilst bromine 
capped chains were also observed (Figure 4-5).  
a) Mn,SEC = 17,200, Đ = 1.20, > 99% b) Mn,SEC = 18,600, Đ = 1.20, > 99% c) Mn,SEC = 26,500, Đ = 1.12, > 99%




Figure 4-5. a, c) MALDI-ToF spectrum of PNiPAm with targeted DPn = 50 and actual 
DPn = 47 revealing that he predominant single peak distribution corresponds to Br-
eliminated chains ([M+Na]+ = 5616.4), b) the presence of –OH terminated chains 
([M+Na]+ = 5520.10) and –Br terminated ([M+Na]+ = 5579.7) chains is evident. 
 
These chain termination events are also observed under conventionally 
deoxygenated systems45 originating from the excess of water where the rate of hydrolysis 
is lower than the rate of chain propagation, thus they cannot be correlated with the presence 
or absence of oxygen. The extent of end group fidelity was further verified by in-situ block 
copolymerizations via sequential monomer addition which resulted in polyacrylamide 
diblock copolymers with well-defined molecular characteristics at high conversions (Table 
4-5, Figures 4-6a&b). Although this rapid polymerization without loss of end group 
fidelity via radical-radical termination is not in accordance with classical free radical 
polymerization kinetics which have previously been applied, Ballard and Asua have shown 
that when the probability density functions of the termination reactions are altered to allow 
a)
[M+Na] +exp. : 5579.7
[M+Na] +th. : 5580.9
[M+Na] +exp.: 5616.4
[M+Na] +th. : 5616.1
[M+Na] +exp. : 5520.10
[M+Na] +th. : 5520.03
b)
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for radical diffusion, the reduced rate of termination can explain “the ability for a seemingly 
impossible level of control of radical reactions”.49 
Table 4-5. 1H NMR and DMF-SEC analysis for the diblock copolymers synthesized 
in-situ via self-deoxygenating aqueous Cu-RDRP. a 
Polymer 
Conv. (%) 
1H NMR b  
Mn, SEC 




PHEAm50 > 99 11,700 1.18 15 
PHEAm50-b-
PNiPAm50 
> 99 18,100 1.20 240 
PHEAm50 97 12,600 1.18 15 
PHEAm50-b-
P(PEGA480)20 
> 99 20,500 1.19 240 
a In all polymerizations the monomer concentration was 10 w/v % and the macroinitiators were synthesized in the 
presence of headspace. b Conversion was calculated via 1H NMR in D2O. c Determined by DMF-SEC analysis 
based on DRI and expressed as molecular weight equivalents to PMMA narrow molecular weight standards. 
 
 
Figure 4-6. DMF-SEC derived molecular weight distributions for the in-situ 
sequential monomer addition diblock copolymers a) PHEAm50-b-PNiPAm50 and b) 
PHEAm50-b-P(PEGA480)20. 
 
The versatility of the methodology was further verified through low volume reactions 
carried out in 96-well plates which were sealed with a plate-lid. Both PNiPAm and HEAm 
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were polymerized in 300 μL total reaction volume, exhibiting good control over the 
molecular weights and the dispersity at high conversion (Figure 4-7). 
 
Figure 4-7. DMF-SEC derived molecular weight distributions for the low-volume  a) 
PHEAm with targeted DPn = 100  and b) PNiPAm with targeted DPn = 50. 
 
 
4.2.2 Rate of oxygen consumption during Cu(I) 
disproportionation to Cu(II) and Cu(0).  
The rate of the oxygen reducing activity of the disproportioning Cu(I)/Me6Tren 
aqueous solution was investigated via the online monitoring of the dissolved O2 
concentration with the use of an oxygen probe. Initially, the [O2]dissolved in the 
disproportionation solution used for the polymerization of NiPAm with targeted DPn = 50 
(with [Cu(I)] : [Me6Tren] = 1 : 1) was monitored resulting rapid (a few seconds) oxygen 
consumption (Figure 4-8, gray). Subsequently, since the concentration of the components 
able to consume oxygen affect the rate of oxygen consumption, different concentrations 
were examined, using 1-7 mL of H2O (Figure 4-8).  
 




Figure 4-8. Line graphs illustrating the oxygen consumption over time with different 
concentrations of the Cu(I)Br/Me6Tren complex in a sealed environment. 
 
As expected, the rate of oxygen consumption exhibited differences depending on the 
concentration, with the fastest oxygen consumption ( ~  3 sec.) observed for the most 
concentrated solution (1 mL of H2O), and the slowest rate observed for 7 mL of H2O ( ~  1 
min). It should be noted that when  1 mL of the solution was used prior to monomer (HEAm 
in this case) and initiator addition, the polymerization exhibited the highest control over the 
molecular weights (Figure 4-9, Table 4-6), suggesting that the fate of an aqueous non-
deoxygenated polymerization is dependent on the concentration of the disproportionation 
reagents (Cu(I)Br/Me6Tren) and/or their products (Cu(0), Cu(II)), and sufficient amount of 
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Table 4-6. 1H NMR and DMF-SEC analysis of PNiPAm with targeted DPn = 50 
synthesized via self-deoxygenating aqueous Cu-RDRP with different concentrations 











1 >99 16,200 11,800 1.08 
2 97 16,700 11,800 1.15 
3 15 16,900 11,800 1.18 
5 0 N/A N/A N/A 
a In all polymerizations the monomer concentration was 10 w/v %. b Conversion was calculated via 1H NMR in 
D2O. c Determined by DMF-SEC analysis based on DRI and expressed as molecular weight equivalents to PMMA 
narrow molecular weight standards. 
 
 
Figure 4-9. DMF-SEC derived molecular weight distributions of PHEAm with 
targeted DPn = 50 synthesized via self-deoxygenated aqueous Cu-RDRP with different 
concentrations of the disproportionation solution.  
 
In order to provide an insight into the open-to-air polymerization where almost perfect 
control over the macromolecular characteristics was observed, the [O2] monitoring was 
performed in an open vial. In this case, the oxygen consumption was again rapid ( ~ 10-60 
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sec) (Figure 4-10), with the 1 mL solution being self-deoxygenated within the first 10 
seconds. The trend of consumption exhibited the same profile as in the sealed vial, again 
depending on the concentration of the disproportionation solution with the main difference 
between the sealed and the open-to-air experiments being that the latter required slightly 
longer reaction times for total deoxygenation to occur, which could be attributed to the 
constant diffusion of O2 into the solution from the air during high stirring rates.  It should 
be noted that at  ~ 0 oC (temperature applied at the disproportionation and polymerization 
reactions), the solubility of oxygen is higher than at ambient (i.e. 25 oC) temperature ( ~ 14 
mg/L and  ~ 8 mg/L respectively), while the diffusion rate of oxygen is lower.50–52 Hence, 
although there is a constant exposure of the reaction solution to air/oxygen, the reducing 
ability of Cu(0) (as well as Cu(I)), combined with the low-temperature conditions could 
further facilitate the oxygen tolerant nature of this aqueous Cu-RDRP.  
 
Figure 4-10. Line graphs illustrating the oxygen consumption over time with different 
concentrations of the Cu(I)Br/Me6Tren complex in open air conditions. 
 
Open vial 
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The effect of the different reagents was also examined individually, with the 
monitoring of solutions with different loadings of Cu(I)Br and consistent [Me6Tren], and 
vice versa. In each case, 3 mL of H2O were used for the solubilization of the complex in 
order to reasonably decelerate the rate of the reaction, and thus be able to monitor any 
changes. Initially, in order to investigate role of the Cu(I)Br, a solution containing only 
H2O/Me6Tren (without any Cu(I)Br) was monitored and no oxygen consumption was 
observed. When low loadings of Cu(I)Br ([Cu(I)Br] : [Me6Tren] = 0.125 : 1) were added 
into 3 mL H2O/Me6Tren solution, the oxygen consumption rate was slow, reaching an 
oxygen concentration of  6 mg/L after 1 minute (Figure 4-11, green), while with a slight 
increase of [Cu(I)] to 0.25 eq. (with respect to Me6Tren), the rate of O2 consumption 
accelerated, resulting in a deoxygenated solution only after 1 minute (Figure 4-11, pink). 
Further increases in [Cu(I)] showed faster rates of O2 consumption, with the fastest full O2 
consumption ( ~ 5 sec) being evidenced when excess of Cu(I) was used ([Cu(I)Br] : 
[Me6Tren] = 2.5 : 1) (Figure 4-11, dark cyan). 
 
Figure 4-11. Line graphs illustrating the oxygen consumption over time with different 
concentrations of Cu(I)Br when the concentration of Me6Tren was kept constant. 
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Subsequently, the role of the ligand was investigated by using different amounts of 
Me6Tren with respect to Cu(I)Br. Initially, a solution containing only Cu(I)Br and 3 mL 
H2O was examined which, although being heterogeneous (due to the insolubility of Cu(I)Br 
in water), a very slow O2 consumption was observed (from 14 mg/L to  ~ 13 mg/L after 1 
min). However, with the addition of low loadings of Me6Tren ([Cu(I)Br] : [Me6Tren] = 1 : 
0.125) full O2 consumption was observed after ~ 40 sec (Figure 4-12, green and pink). 
Following this, higher concentrations of Me6Tren resulted in accelerated consumption rates 
(Figure 4-12), with the fastest O2 consumption being observed when excess of Me6Tren 
was applied ([Cu(I)Br] : [Me6Tren] = 1 : 2.5, Figure 4-12, dark cyan), as in the case of 
Cu(I)Br. This indicates that, upon formation of the Cu-complex with the amine ligand in 
water, the rapid disproportionation of Cu(I) is followed by rapid O2 consumption, even 
when low loadings of Cu(I)Br or ligand are employed. In this context, it is hypothesized 
that even small amounts of the in-situ generated Cu(0) particles can “consume” oxygen. 
However, since the “nascent” Cu(0) particles are highly reactive, we hypothesized that their 
generation is followed by their oxidation in the presence of O2 (vide infra electron 
microscopy and XPS). 
 
Figure 4-12. Line graphs illustrating the oxygen consumption over time with different 
concentrations of Me6Tren when the concentration of Cu(I)Br was kept constant. 
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In order to examine which of the Cu-species following disproportionation 
participate in the O2 consumption, the [O2] evolution was also monitored in different 
solvents including ethanol, methanol and dimethylformamide (DMF) which promote 
disproportionation of Cu(I),51 as well as solvents that stabilize Cu(I)52 and thus, 
disproportionation is not favored (i.e. acetone, acetonitrile, toluene) (Figure 4-13). 
Specifically, when EtOH and MeOH were used, the oxygen consumption was similar to 
when H2O was used as a solvent, an observation that is expected since alcohols promote 
the disproportionation of Cu(I).  
 
Figure 4-13. Line graphs illustrating the oxygen consumption of the 
disproportionation reaction over time in different solvents. 
 
In the case of the polar aprotic DMF and acetone, the consumption of O2 was 
similar to pure H2O, while when acetonitrile (MeCN) which stabilizes Cu(I) was employed, 
the O2 consumption was similar to alcohols. Acetonitrile stabilizes Cu(I) and does not 
promote disproportionation, thus we ascribe that O2 consumption occurs from the oxidation 
of Cu(I). Based on this, it is possible that O2 consumption is assisted by the oxidation of 
          Chapter 4 
 
170 
both Cu(I) and the “nascent” Cu(0), and depending on the solvent choice, the oxidation of 
Cu(0) and Cu(I) are competing reactions which can both lead to rapid deoxygenation.  
The continuous deoxygenation profile (even after the addition of monomer and 
initiator solutions the [O2] has been reduced) (Figure 4-14) might be attributed to the 
regeneration of Cu(I) upon oxidation of Cu(0), which can re-disproportionate and thus 
“perpetuate” the reduction of O2 until the reagents are fully consumed. As a result, it is 
hypothesized that Cu(I), originating either from the initially added Cu(I)Br or from the 
oxidation of Cu(0), and “nascent” Cu(0) participate in the consumption of both dissolved 
and in gas phase O2, and due to the long-lasting paucity of these Cu-species, the reaction 
solutions remain deoxygenated even open-to-air.  
 
Figure 4-14. Line graph illustrating the oxygen consumption profile of the 
disproportionation reaction over time which after 60 seconds undergoes addition of 6 
mL aqueous solution of monomer and initiator. Although a small increase is observed 
for  ~ 5 seconds upon addition of M+I, the reaction rapidly re-establishes the O2-free 
environment 
 
6 mL (H2O+M+I) addition 
after 60 sec.
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In order to better understand the effect of O2 on the catalyst species and in an 
attempt to identify the oxidation products, XPS and EM (TEM, SEM, ADF-STEM and 
EELS) were employed. Initially, the solution following disproportionation in the presence 
of O2 was examined through SEM (Figure 4-16). The Cu(I)Br sample in water consists of 
> 1 μm size well-shaped aggregates (Figure 4-16a). Upon addition of Me6Tren and after 
the ~ 1st second of the reaction, where there is an instantaneous observation of black/purple 
Cu(0) precipitate with fast stirring, the sample mainly includes three different structures, 
namely dendrite-like shaped aggregates which consist of particles >100 nm, small multi-
sized particles, as well as faceted crystal structures (Figure 4-16b). It is notable that the 
crystal-shaped morphologies are mainly present for the sample taken immediately after the 
addition of Me6Tren (“ ~ 1-sec ” sample), and considering the loss of the larger Cu(I)Br 
aggregates, it can be hypothesized that the crystals are formed upon instant consumption of 
Cu(I)Br, following a clusterization process (Figure 4-15) which can be correlated with the 
formation of the dendrite-like shaped aggregates.   
After ~ 3 seconds of the reaction, the observed crystal structures are significantly 
less, whilst the dendritic-like aggregates, which we hypothesize that follow a nucleation 
and growth process become more evident (Figure 4-16c-e). It is notable that this 
morphology is still observed after 60 seconds of the reaction, while after 5 minutes this 
dendritic pattern becomes “softer”, with the dendritic-like branches becoming less evident 
and more uniform (Figure 4-16f). 




Figure 4-15. SEM image illustrating the morphological alterations of the faceted 
crystal-like Cu-particles.  
 
Finally, after 30 minutes, small particle-like aggregates are observed which are 
covered by more uniform larger aggregates (Figure 4-16g) and finally, after 24 hours of 
the reaction, large aggregates that consist of smaller particles are observed (Figure 4-16h). 
Apart from the different species of copper that participate in the disproportionation reaction, 
which are challenging to monitor due to the rapid chemical processes that take place, these 
observations might be related to the oxidation of the copper species since, as previously 
described, the disproportionation reaction is a self-deoxygenation mechanism. In order to 
gain a better understanding, Energy-Dispersive X-ray spectroscopy (EDX) was employed. 




Figure 4-16. SEM images of a) Cu(I)Br dispersed in H2O and (b-h) the self-
deoxygenating disproportionation reaction precipitate collected at different times. The 
“~ 1-sec” was taken immediately after the addition of Me6Tren. 
 
It was hypothesized that the consumption of O2 would lead to the possible 
formation of different copper oxides and thus, the EDX studies were focused on the 
presence of oxygen with respect to copper. Initially, Cu(I)Br was measured as blank 
a) Cu(I)Br
d) 60 sec
e) 60 sec 
zoomed 




b) “ ~1 sec ”
h) 24 hrs
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sample, showing a distinctive peak at 0.9 keV corresponding to Cu, as well as a very small 
peak assigned to oxygen at 0.5 keV and could be attributed to the oxidation of the Cu(I)Br 
powder from air over time (Figure 4-17, black). When the precipitate from the 
disproportionation was examined immediately after the addition of Me6Tren (the sample 
was taken after  ~ 1 second), the peak at 0.5 keV, assigned to oxygen increased slightly 
(Figure 4-17, blue) (as well as after  ~ 3 seconds, Figure 4-17, green) and became even 
more evident after 60 seconds of the reaction (Figure 4-17, red). This observation might 
be related to the formation of oxides as the reaction takes place in the presence of oxygen, 
a hypothesis that is corroborated by the full O2 consumption within the first 60 seconds. 
After 30 minutes, the oxygen peak was further increased (Figure 4-17, yellow), with the 
highest intensity being observed after 24 hours (Figure 4-17, white).  
 
Figure 4-17. EDX spectra showing the distinctive copper peak (0.9 keV)  and the 
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The presence of copper oxides and hydroxide was also verified through X-ray 
photoelectron spectroscopy (XPS) for both the black precipitate and the supernatant after 
60 sec. Examination of the Cu 2p3/2 region revealed the presence of Cu(II) states in the 
precipitate (Figure S19), as evidenced by the shake-up features observed between 940 eV 
and 945 eV. Detailed fitting of this region and the peak around 934 eV showed evidence 
for Cu(OH)2, CuO and Cu(II)Br2. Turning to the peak at 932.3 eV, it is not possible to 
distinguish between Cu(0) and Cu(I) states so one must look at alternative regions in order 
to understand the chemistry of the system. Figure 4-28 presents the data from the Br 3d 
region, where two doublets were required to fit the data corresponding to Cu(I)Br and 
Cu(II)Br2. Next the Cu LMM Auger emission region was analysed (Figure 4-29) and 
required the addition of the Cu(0) components to replicate the data. Comparing the Auger 
spectra of the precipitate and the supernatant, a downward shift of around 2 eV in the kinetic 
energy of the peak intensity is observed when moving from the precipitate to the 
supernatant, suggesting a higher Cu(II) concentration in the supernatant. This hypothesis is 
corroborated by the Cu 2p3/2 spectrum acquired from the supernatant (Figure 4-20a), where 
the intensity of the shake-up features and the peak at 934.2 eV have both increased relative 
to the precipitate (Figure 4-18). The O 1s data acquired also suggest the existence of both 
Cu(OH)2 and Cu oxides in both the supernatant (Figure 4-20b) and the precipitate (Figure 
4-19). Overall, based on the elemental analysis of both the precipitate and supernatant, 
copper and oxygen are mainly predominant in the precipitate, while nitrogen originating 
from the ligand, as well as bromine (originating from Cu(I)Br) are mainly present in the 
supernatant (Figure 4-20a&b). 




Figure 4-18. XPS core level Cu 2p3/2 spectra of the disproportionation precipitate after 
60 seconds of the reaction. The features between 940 eV and 945 eV are due to shake-
up peaks from Cu2+ states. 
 
 
Figure 4-19. XPS core level O 1s spectra of the disproportionation precipitate after 60 
seconds of the reaction. 




Figure 4-20. XPS core level a) Cu 2p3/2 and b) O 1s  spectra of the disproportionation 
supernatant solution after 60 seconds of the reaction. The features between 940 eV and 
945 eV are due to shake-up peaks from Cu2+ states. 
 
The use of high-resolution transmission electron microscopy (HR-TEM) and 
annular dark field-scanning transmission electron microscopy (ADF-STEM) in 
combination with electron energy loss spectroscopy (EELS) provided more details on the 
chemical state of the Cu-species generated upon reaction with oxygen. The ADF-STEM 
and HR-TEM of the disproportionation precipitate (60 seconds aliquot) verified the 
presence of copper species with different morphology in the nanoscale, showing dendrite-
like shaped patterns (Figure 4-21 e&f), as well as multi-sized particles consisting of both 
well-defined faceted (Figure 4-21 g & h) and smaller particles (Figures 4-21 a-d). Based 
on the EELS analysis, the faceted particles exhibited a Cu-L3 edge located at 935.9 eV 
(Figure 4-22 ii, blue), whilst no O-K edge was evident suggesting assignment as Cu(0) 
which, based on the lack of oxygen signal, has remained unaffected from the presence of 
oxygen within the first 60 seconds of the reaction. Contrary to the faceted particles, the 
dendrite-like patterns exhibited a strong O-K edge indicative of oxygen presence (Figure 
4-22 i), as well as  a Cu-L2 edge at 936.2 eV which is assigned as Cu(I) (Figure 4-22 ii, 
red).  




Figure 4-21. ADF-STEM images (a, c, e, g) and the corresponding TEM images (b, 
d, f, h) showing the existence of different Cu-species after 60 seconds of the reaction. 
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Thus, based on the EELS analysis it is hypothesized that these dendritic 
patterns are representative of Cu2O which, based on their immediate presence upon 
addition of the ligand (after ~ 1 second) are rapidly formed. The EELS of the smaller 
(<80 nm) particles revealed a distinctive Cu-L3 edge peak at 933.5 eV which compared 
to the literature values53,54 and the symmetric L2 and L3 peaks (Figure 4-22 ii, yellow) 
lead to the hypothesis that these particles correspond to Cu(II) which, upon analysis of 
the Cu/O atomic ratio is possibly found as CuO. Apart from the aforementioned 
species, the presence of even smaller (2-10 nm) particles was observed (Figure 4-21 
c&d) which, although exhibiting unclear O-K edge, can be considered as a mixture of 
Cu(I) and Cu(0) based on the characteristics of their steep Cu-L edge (Figure 4-22 ii, 
grey). 
 
Figure 4-22. EELS spectra of i) O-K edge and ii) Cu-L edge from different regions of 
the 60-sec sample. In view of the fine structures exhibited in the EELS spectra, it is 
confirmed that a) is CuO, c) is Cu2O and d) is Cu(0). In d), the Cu/O atomic ratio is 
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4.3 Conclusion  
In this chapter, the rapidly self-deoxygenating Cu-RDRP in aqueous media of 
various linear and non-linear, homo- and block-copolymers is presented and discussed. The 
disproportionation of Cu(I)/Me6Tren in water towards Cu(II) and highly reactive Cu(0), 
leads to O2-free reaction environments within the first seconds of the reaction, even when 
the reaction takes place in the open-air. By leveraging this significantly fast O2-reducing 
activity of the disproportionation reaction, well-defined water-soluble polymers with very 
narrow dispersity are attained in just a few minutes. This methodology provides the ability 
to prepare block copolymers via sequential monomer addition with little evidence for chain 
termination over the lifetime of the polymerization and allows for the synthesis of star-
shaped polymers with the use of multi-functional initiators. The use of a range of 
characterization tools provides insights into this self-deoxygenating platform and identifies 
the species that participate in the oxygen consumption, as well as the species generated 
upon exposure of the solution to O2-rich environments. The unprecedentedly fast reducing 
ability of the Cu(I) disproportionation can be an advantageous and mild platform for 
applications that require instantaneous O2-free environments for long periods.  
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4.4 Experimental Section 
4.4.1 Materials 
The monomers N-isopropyl acrylamide (NiPAm, ≥ 99%), N-hydroxyethyl 
acrylamide (HEAm, 97%), N, N dimethylacrylamide (DMA, 99%), poly(ethylene glycol) 
methyl ethyl acrylate (PEGA480, 97%), N-acryloylmorpholine (NAM, 97%) and the 
solvents were purchased from Sigma Aldrich / Merck and used as received. For all the 
disproportionation reactions and the polymerizations distilled water was used. Tris(2-
(dimethylamino)ethyl)amine (Me6Tren) was synthesized according to the literature
55 and 
stored under N2 atmosphere prior to use. The water-soluble initiator 2, 3-
dihydroxypropyl 2-bromo-2-methylpropanoate was synthesized according to the 
literature.56 Copper (I) bromide (CuBr, 98%, Sigma-Aldrich) was washed with acetic 
acid and ethanol, dried under vacuum and stored under N2 atmosphere.  
 
4.4.2 Instrumentation and Characterization techniques 
Proton Nuclear Magnetic Resonance (1H NMR) 
1H NMR spectra were recorded on Bruker DPX-300 or DPX-400 spectrometers in 
deuterium oxide (D2O) obtained from Sigma-Aldrich. Chemical shifts are given in 
ppm downfield from the internal standard tetramethylsilane. Monomer conversions 
were determined via 1H NMR spectroscopy by comparing the integrals of monomeric 
vinyl protons to polymer signals. 
Size Exclusion Chromatography (SEC) 
DMF. Agilent Infinity II MDS instrument equipped with differential refractive 
index (DRI), viscometry (VS), dual angle light scatter (LS) and variable wavelength 
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UV detectors. The system was equipped with 2 x PLgel Mixed D columns (300 x 7.5 
mm) and a PLgel 5 µm guard column. The eluent was DMF with 5 mmol NH4BF4 
additive. Samples were run at 1 ml/min at 50 oC. Poly(methyl methacrylate) standards 
(Agilent EasyVials) were used for calibration between 955,000 – 550 g mol-1. Analyte 
samples were filtered through a nylon membrane with 0.22 μm pore size before 
injection. Respectively, experimental molar mass (Mn,SEC) and dispersity (Đ) values of 
synthesized polymers were determined by conventional calibration and universal 
calibration using Agilent GPC/SEC software. 
PL50 DMF. Agilent PL50 instrument equipped with differential refractive 
index (DRI) and UV detectors. The system was equipped with 2 x PolarGel M columns 
(300 x 7.5 mm) and a PolarGel 5 µm guard column. The eluent is DMF with 0.1 % 
LiBr additive. Samples were run at 1ml/min at 50 oC. Poly(methyl methacrylate) 
standards (Agilent EasyVials) were used for calibration. Analyte samples were filtered 
through a nylon membrane with 0.22 μm pore size before injection. Respectively, 
experimental molar mass (Mn,SEC) and dispersity (Đ) values of synthesized polymers 
were determined by conventional calibration using Agilent GPC/SEC software. 
 
Matrix assisted laser desorption-ionization time-of-flight mass spectrometry 
(MALDI-ToF-MS).  
MALDI-ToF-MS measurements were conducted using a Bruker Daltonics Ultraflex II 
MALDI-ToF mass spectrometer, equipped with a nitrogen laser delivering 2 ns laser 
pulses at 337 nm with positive ion ToF detection performed using an accelerating 
voltage of 25 kV. Solutions in tetrahydrofuran (THF) (50 µL) of trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propyldene] malononitrile (DCTB) or α-cyano-4-
hydroxycinnamic acid ( CHCA) as a matrix (saturated solution), sodium iodide as the 
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cationization agent (1.0 mg mL−1) and sample (1.0 mg mL−1) were mixed, and 0.7 µL 
of the mixture was applied to the target plate. Spectra were recorded in reflectron mode 
calibrated with Poly(ethylene glycol) monomethyl ether (PEG-Me) 1900 kDa. 
Oxygen Probe. Pocket Oxygen Meter - FireStingGO2 (Pyro Science):  The solvent-
resistant oxygen probe OXSOLV measures oxygen partial pressure in most polar and 
nonpolar solvents. It is based on optical detection principles (REDFLASH technology) 
and can be used both in pure and complex organic solvents. The fibre-optic oxygen 
sensor tip is covered with a stainless-steel tube 1.5 mm in diameter and 150 (or 40) mm 
in length. The analysis of the data was conducted with the FireStingGO2 
Manager software. 
Scanning Electron Microscopy (SEM) and energy-dispersive X-ray (EDX) 
spectroscopy 
Scanning electron microscopy was performed using a ZEISS Gemini SEM - Field 
Emission Scanning Electron Microscope and a ZEISS Supra. Best results were 
obtained when using the InLens detector with  ~ 3.5 mm working distance, 20 
(Gemini) or 30 (Supra) µm aperture and 5-15 kV acceleration voltage, with respect to 
sample tolerance. EDX spectroscopy and elemental analysis were performed via the 
Gemini instrument through its SDD EDX detector.  
Sample Preparation: A 3mL total capacity glass vial placed in an ice bath was charged 
with 7.2 mg (1 eq.) Cu(I)Br and 1 mL DI-H2O and was septum-sealed. Upon fast 
stirring (900 rpm), Μe6Tren (14 μL, 1 eq.) was added in the Cu(I)Br solution and 
aliquots from the heterogeneous solution were drop-cast on silicon wafer chips (5 mm 
x 7 mm) which were attached to aluminum specimen stubs. The drop-cast samples 
were instantly being placed under N2 blanket and left to dry.  
 
          Chapter 4 
 
184 
Transmission Electron Microscopy (TEM) imaging and Electron Energy Loss 
Spectroscopy (EELS) 
TEM imaging was carried out using a JEOL 2100 electron microscope. Annular dark-
field STEM imaging and EELS spectrum imaging were performed in a double-
corrected JEOL ARM200f microscope, equipped with a Gatan Quantum spectrometer, 
operated at 200 kV. A probe convergence semi-angle of 32 mrad and a spectrometer 
semi-collection angle of 25 mrad were used for the collection of the EELS signals. The 
energy resolution of the EELS measurements was 1.2 eV, as estimated from the full-
width-half-maximum of the zero-loss peaks. A Dual EELS mode was used at a 
dispersion of 0.1 eV per channel, where the core loss spectra from either Cu or O were 
calibrated using the zero loss peaks in the low loss spectra. The samples for TEM were 
prepared by drop-casting aliquots of the disproportionation solution onto lacey carbon 
grids supplied by EM Resolutions and were left to dry under N2 blanket.  
X-ray photoelectron spectroscopy (XPS) 
XPS measurements were performed using a Kratos Axis Ultra DLD spectrometer. The 
samples were illuminated using X-rays from a monochromated Al Kα source (hν  = 
 1486 eV) and detected at a take-off angle of 90°. The resolution, binding energy 
referencing, and transmission function of the analyzer were determined using a clean 
polycrystalline Ag foil. XPS peak fitting was carried out using the CasaXPS software 
(Voigt -mixed Gaussian−Lorentzian line shapes and a Shirley background). The peaks 
were corrected with respect to C1s at 284.7 eV due to the use of the charge neutralizer 
to avoid surface charging. 
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4.4.3 Experimental procedures  
Typical procedure for the self-deoxygenating aqueous Cu-RDRP of NiPAm with 
targeted DPn = 50.  
Conditions: [I] : [NiPAm] : [Cu(I)Br] : [Me6Tren] = 1 : 50 : 0.4 : 0.4. 
A vial (solution A) was charged with 0.7 g NiPAm (50 eq., 6.186 mmol), 28.8 mg (1 
eq., 0.124 mmol) water-soluble initiator (2,3-dihydroxypropyl 2-bromo-2-
methylpropanoate) and 5.3 mL DI-H2O. The solution was sonicated until total 
dissolution of NiPAm. In parallel, a second glass vial (solution B - disproportionation) 
was charged with a stirrer bar, Cu(I)Br (0.4 eq., 0.0495 mmol, 7.1 mg), 1 mL of DI-
H2O and Me6Tren (0.4 eq., 0.0495 mmol, 13.3 μL). The vial was septum-sealed, and 
the disproportionation reaction was left to commence in ice-bath (0-1 oC) with 900 
rpm stirring applied for 60 seconds. Instantly, solution B became blue (indicating 
Cu(II)) and black/purple particles (Cu(0) particles) were formed, indicating the 
successful disproportionation of Cu(I) towards Cu(II) and Cu(0).  After 60 seconds, 
the solution containing the monomer and the initiator (solution A) was transferred in 
the disproportionation solution (solution B) through a plastic syringe and the 
polymerization was left to commence for 12 minutes. It should be noted that while 
solution A was being was transferred in solution B (disproportionation solution), an 
exit needle was used to facilitate the solution transfer. After 12 minutes, 0.6 mL of the 
polymerization solution were taken; 0.2 mL  were diluted in D2O for 
1H NMR analysis, 
while 0.4 mL were diluted in DMF,  passed through a neutral alumina column for the 
removal of copper traces and were filtered prior to DMF-SEC characterization. 
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Typical procedure for the self-deoxygenating aqueous Cu-RDRP of NiPAm with 
targeted DPn = 50 (open-to-air) 
Conditions: [I] : [NiPAm] : [Cu(I)Br] : [Me6Tren] = 1 : 50 : 0.4 : 0.4. 
A vial (solution A) was charged with 0.7 g NiPAm (50 eq., 6.186 mmol), 28.8 mg (1 
eq., 0.124 mmol) water-soluble initiator (2,3-dihydroxypropyl 2-bromo-2-
methylpropanoate) and 5.3 mL DI-H2O. The solution was sonicated until total 
dissolution of NiPAm. In parallel, a second glass vial (solution B - disproportionation) 
was charged with a stirrer bar, Cu(I)Br (0.4 eq., 0.0495 mmol, 7.1 mg), 1 mL of DI-
H2O and Me6Tren (0.4 eq., 0.0495 mmol, 13.3 μL) and the disproportionation reaction 
was left to commence in ice-bath (0-1 oC) with 900 rpm stirring applied for 60 
seconds. Instantly, solution B became blue (indicating Cu(II)) and black/purple 
particles (Cu(0) particles) were formed. After 60 seconds, the solution containing the 
monomer and the initiator (solution A) was transferred in the disproportionation 
solution (solution B) through a plastic syringe and the polymerization was left to 
commence for 12 minutes. After 12 minutes, 0.6 mL of the polymerization solution 
were taken;  0.2 mL  were diluted in D2O for 
1H NMR analysis, while 0.4 mL were 
diluted in DMF,  passed through a neutral alumina column for the removal of copper 
traces and were filtered prior to DMF-SEC characterization. 
 
Typical procedure for the self-deoxygenating aqueous Cu-RDRP of PEGA480 with 
targeted DPn = 20  
Conditions: [I] : [PEGA480] : [Cu(I)Br] : [Me6Tren] = 1 : 20 : 0.4 : 0.4. 
A vial (solution A) was charged with 0.7 mL PEGA480 (20 eq., 1.59 mmol), 19.2 mg 
(1 eq., 0.08 mmol) water-soluble initiator (2,3-dihydroxypropyl 2-bromo-2-
methylpropanoate) and 5.3 mL DI-H2O. In parallel, a second glass vial (solution B - 
disproportionation) was charged with a stirrer bar, Cu(I)Br (0.4 eq., 0.0318 mmol, 4.6 
          Chapter 4 
 
187 
mg), 1 mL of DI-H2O and Me6Tren (0.4 eq., 0.0318 mmol, 8.5 μL). The vial was 
septum-sealed, and the disproportionation reaction was left to commence in ice-bath 
(0-1 oC) with 900 rpm stirring applied for 60 seconds. Instantly, solution B becomes 
blue (indicating Cu(II)) and black/purple particles (Cu(0) particles) are formed, 
indicating the successful disproportionation of Cu(I) towards Cu(II) and Cu(0).  After 
60 seconds, the solution containing the monomer and the initiator (solution A) was 
transferred in the disproportionation solution (solution B) through a plastic syringe 
and the polymerization was left to commence for 30 minutes. It should be noted that 
while solution A was being was transferred in solution B (disproportionation 
solution), an exit needle was used to facilitate the solution transfer. After 30 minutes, 
0.6 mL of the polymerization solution were taken; 0.2 mL  were diluted in D2O for 
1H 
NMR analysis, while 0.4 mL were diluted in DMF,  passed through a neutral alumina 
column for the removal of copper traces and were filtered prior to DMF-SEC 
characterization. 
 
Typical procedure for the self-deoxygenating aqueous Cu-RDRP of NAM with 
targeted DPn = 40 
Conditions: [I] : [NAM] : [Cu(I)Br] : [Me6Tren] = 1 : 40 : 0.8 : 0.4. 
A vial (solution A) was charged with 0.7 mL NAM (40 eq., 5.56 mmol), 33.5 mg (1 
eq., 0.14 mmol) water-soluble initiator (2,3-dihydroxypropyl 2-bromo-2-
methylpropanoate) and 5.3 mL DI-H2O. In parallel, a second glass vial (solution B - 
disproportionation) was charged with a stirrer bar, Cu(I)Br (0.8 eq., 0.112 mmol, 16 
mg), 1 mL of DI-H2O and Me6Tren (0.4 eq., 0.084 mmol, 22.5 μL). The vial was 
septum-sealed, and the disproportionation reaction was left to commence in ice-bath 
(0-1 oC) with 900 rpm stirring applied for 60 seconds. Instantly, solution B becomes 
blue (indicating Cu(II)) and black/purple particles (Cu(0) particles) are formed, 
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indicating the successful disproportionation of Cu(I) towards Cu(II) and Cu(0).  After 
60 seconds, the solution containing the monomer and the initiator (solution A) was 
transferred in the disproportionation solution (solution B) through a plastic syringe 
and the polymerization was left to commence for 4 hours. It should be noted that while 
solution A was being was transferred in solution B (disproportionation solution), an 
exit needle was used to facilitate the solution transfer. After 4 hours, 0.6 mL of the 
polymerization solution were taken; 0.2 mL  were diluted in D2O for 
1H NMR analysis, 
while 0.4 mL were diluted in DMF,  passed through a neutral alumina column for the 
removal of copper traces and were filtered prior to DMF-SEC characterization. 
 
Typical procedure for the self-deoxygenating aqueous Cu-RDRP of HEAm with 
targeted DPn = 100 
Conditions: [I] : [HEAm] : [Cu(I)Br] : [Me6Tren] = 1 : 100 : 0.8 : 0.4. 
A vial (solution A) was charged with 0.7 mL HEAm (100 eq., 6.75 mmol), 14.6 mg 
(1 eq., 0.067 mmol) water-soluble initiator (2,3-dihydroxypropyl 2-bromo-2-
methylpropanoate) and 5.3 mL DI-H2O. In parallel, a second glass vial (solution B - 
disproportionation) was charged with a stirrer bar, Cu(I)Br (0.8 eq., 0.054 mmol, 7.75 
mg), 1 mL of DI-H2O and Me6Tren (0.4 eq., 0.027 mmol, 7.2 μL). The vial was 
septum-sealed, and the disproportionation reaction was left to commence in ice-bath 
(0-1 oC) with 900 rpm stirring applied for 60 seconds. Instantly, solution B becomes 
blue (indicating Cu(II)) and black/purple particles (Cu(0) particles) are formed, 
indicating the successful disproportionation of Cu(I) towards Cu(II) and Cu(0).  After 
60 seconds, the solution containing the monomer and the initiator (solution A) was 
transferred in the disproportionation solution (solution B) through a plastic syringe 
and the polymerization was left to commence for 15 minutes. It should be noted that 
while solution A was being was transferred in solution B (disproportionation 
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solution), an exit needle was used to facilitate the solution transfer. After 15 minutes, 
0.6 mL of the polymerization solution were taken; 0.2 mL  were diluted in D2O for 
1H 
NMR analysis, while 0.4 mL were diluted in DMF,  passed through a neutral alumina 
column for the removal of copper traces and were filtered prior to DMF-SEC 
characterization. 
 
Typical procedure for the self-deoxygenating aqueous Cu-RDRP of DMA with 
targeted DPn = 80 
Conditions: [I] : [DMA] : [Cu(I)Br] : [Me6Tren] = 1 : 80 : 0.8 : 0.4. 
A vial (solution A) was charged with 0.7 mL DMA (80 eq., 6.79 mmol), 12.2 mg (1 
eq., 0.085 mmol) water-soluble initiator (2,3-dihydroxypropyl 2-bromo-2-
methylpropanoate) and 5.3 mL DI-H2O. In parallel, a second glass vial (solution B - 
disproportionation) was charged with a stirrer bar, Cu(I)Br (0.8 eq., 0.068 mmol, 9.75 
mg), 1 mL of DI-H2O and Me6Tren (0.4 eq., 0.034 mmol, 9 μL). The vial was septum-
sealed, and the disproportionation reaction was left to commence in ice-bath (0-1 oC) 
with 900 rpm stirring applied for 60 seconds. Instantly, solution B becomes blue 
(indicating Cu(II)) and black/purple particles (Cu(0) particles) are formed, indicating 
the successful disproportionation of Cu(I) towards Cu(II) and Cu(0).  After 60 seconds, 
the solution containing the monomer and the initiator (solution A) was transferred in 
the disproportionation solution (solution B) through a plastic syringe and the 
polymerization was left to commence for 20 minutes. It should be noted that while 
solution A was being was transferred in solution B (disproportionation solution), an 
exit needle was used to facilitate the solution transfer. After 20 minutes, 0.6 mL of the 
polymerization solution were taken; 0.2 mL  were diluted in D2O for 
1H NMR analysis, 
while 0.4 mL were diluted in DMF,  passed through a neutral alumina column for the 
removal of copper traces and were filtered prior to DMF-SEC characterization. 
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Typical procedure for the self-deoxygenating aqueous Cu-RDRP of PHEAm (8-
arm) star-shaped polymers with overall targeted DPn = 160 
Conditions: [I] : [HEAm] : [Cu(I)Br] : [Me6Tren] = 1 : 160 : 6.4 : 4.2. 
The multi-functional (8-arms) initiator (64.7 mg, 1 eq., 0.042mmol) was dissolved in 
4 mL DMSO and in the same vial, 0.7 mL HEAm (160 eq., 6.75 mmol) which were 
dissolved in 1.3 mL DI-H2O were added (solution A). In parallel, a second glass vial 
(solution B - disproportionation) was charged with a stirrer bar, Cu(I)Br (6.4 eq., 38.7 
mg), 1 mL of DI-H2O and Me6Tren (4.2 eq., 48.5 μL). The vial was septum-sealed, 
and the disproportionation reaction was left to commence in ice-bath (0-1 oC) with 900 
rpm stirring applied for 60 seconds. Instantly, solution B becomes blue (indicating 
Cu(II)) and black/purple particles (Cu(0) particles) are formed, indicating the 
successful disproportionation of Cu(I) towards Cu(II) and Cu(0). After 60 seconds, the 
solution containing the monomer and the initiator (solution A) was transferred in the 
disproportionation solution (solution B) through a plastic syringe and the 
polymerization was left to commence for 90 minutes. It should be noted that while 
solution A was being was transferred in solution B (disproportionation solution), an 
exit needle was used to facilitate the solution transfer. After 90 minutes, 0.6 mL of the 
polymerization solution were taken;  0.2 mL  were diluted in D2O for 
1H NMR 
analysis, while 0.4 mL were diluted in DMF,  passed through a neutral alumina column 
for the removal of copper traces and were filtered prior to DMF-SEC characterization. 
The same process was followed for the other star-shaped polymers with different 
concentrations of Cu(I)Br and Me6Tren, as described in the analogous section and 
Table 4-4. 
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4.4.4 Supplementary Figures & Characterization  
 
Figure 4-23. DMF-SEC derived molecular weight distribution of PNiPAm with 
targeted DPn = 50 synthesized via N2-deoxygenated aqueous Cu-RDRP with the pre-




Figure 4-24. 1H NMR spectrum in D2O for the PNiPAm with targeted DPn = 50 
synthesized via self-deoxygenating aqueous Cu-RDRP with the pre-disproportionation of 
Cu(I)/Me6Tren in H2O at 0 
oC. Conversion was determined by comparing the integrals 
of monomeric vinyl protons ( ~ 5.5-6.5 ppm) to polymer signal.  
 




Figure 4-25. 1H NMR spectrum in D2O for the PHEAm with targeted DPn = 100 
synthesized via self-deoxygenating aqueous Cu-RDRP with the pre-disproportionation of 
Cu(I)/Me6Tren in H2O at 0 
oC. Conversion was determined by comparing the integrals 
of monomeric vinyl protons to polymer signal.  
 
 
Figure 4-26. 1H NMR spectrum in D2O for the P(PEGA480) with targeted DPn = 20 
synthesized via self-deoxygenating aqueous Cu-RDRP with the pre-disproportionation of 
Cu(I)/Me6Tren in H2O at 0 
oC. Conversion was determined by comparing the integrals 


























Figure 4-27. 1H NMR spectrum in D2O for the PNAM with targeted DPn = 40 synthesized 
via self-deoxygenating aqueous Cu-RDRP with the pre-disproportionation of 
Cu(I)/Me6Tren in H2O at 0 
oC. Conversion was determined by comparing the integrals 




Figure 4-28. High resolution XPS of the Br 3d region revealing the presence of CuBr 
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Figure 4-29. Cu LMM Auger spectra of the disproportionation precipitate and the 
supernatant after 60 seconds of the reaction. The shift in the position of the maximum 
intensity reflects a decrease in the relative amount of Cu(II) states (CuBr2, CuO, 
Cu(OH)2) in the supernatant to a higher proportion of Cu(0) or Cu(I) in the precipitate.  
 
 
Figure 4-30. 1H NMR spectrum in D2O for a) the 4-arm initiator and b) the 8-arm 
initiator which were in-house synthesized and used for the synthesis of the star-shaped 
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Chapter 5.  
UV irradiation of Cu-based 
complexes with aliphatic amine 
ligands as used in living radical 
polymerization 
 
In this chapter, the effect UV of irradiation on Cu(II)-based complexes with 
aliphatic amine ligands is investigated and discussed. Four aliphatic amines are used 
as ligands and Cu(II)Br2 as the metal source for the formation of catalyst complexes 
that can be used for the photoinduced copper mediated-Reversible Deactivation 
Radical Polymerization (Cu-RDRP) of methyl acrylate. Different characterization 
techniques such as transient electronic absorption spectroscopy (TEAS), ultraviolet-
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visible (UV-Vis) spectroscopy, electrospray ionization time of flight mass 
spectrometry (ESI-ToF-MS) and cyclic voltammetry (CV) are applied  in order to 
provide insight into the catalyst behaviour upon  photo-irradiation. The excited-state 
dynamics, the electrochemical behaviour of the Cu(II)/Cu(I) redox couples and the 
detection of different species upon complexation of the ligand to the metal centre 
(before and after UV irradiation) are further depicted in the quality of the obtained 
polymers. 
 
5.1 Introduction  
The controlled/living radical polymerization of vinyl monomers (methacrylates, 
acrylates, acrylamides, styrene) has revolutionized the field of polymer science. 
Transition metal mediated/catalyzed methodologies were introduced in 1995 using 
low valent Ru(II)1 and Cu(I)2 complexes in conjunction with alkyl halides. Up until 
this point, ionic and ionic-related polymerization were most successful requiring the 
use of anhydrous conditions and pure reagents and solvents.  The transition metal-
based radical techniques such as Atom Transfer Radical Polymerization (ATRP)1, 2 
and Single Electron Transfer Living Radical Polymerization (SET-LRP),3-6 emerged 
as powerful tools for the synthesis of numerous materials, with different architectures 
and functionalities, in a variety of media and under different conditions without the 
requirement of rigorously removing water and other protic impurities or the need for 
protecting groups for monomers containing such functionality.7-14  
These methods depend on an activation-deactivation equilibrium between active 
and dormant species, related to the transition metal complex (Mn X/L) which activates 
an alkyl halide (Pn-X) leading to M
n+1 X2/L and a Pn radical leading to chain growth.
15-
17 As in other living polymerizations, the chain length is determined by the 
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[monomer]/[R-X] with the α-terminus derived from the initiator (R-X) and the ω-
group of the halide. Initiation and propagation occur via reversible homolytic bond 
cleavage of the R-X bond and the low concentration of resulting radicals means chain 
termination via second order radical/radical reaction is minimised. This allows for the 
design and control of the transition metal complex through external stimuli such as 
electrochemical18 and photochemical methods.17, 19, 20 
The application of photochemistry in these systems offers numerous advantages 
such as mild reaction conditions, spatial and temporal control, is environmentally 
friendly and non-invasive and as a result it has been proved to be an excellent candidate 
for triggering organic reactions and polymerizations.21-31 Hawker and colleagues, 
utilizing visible light and a photoactive iridium complex (fac-[Ir(ppy)3] (ppy  = 2-
pyridylphenyl), reported the synthesis of well-defined poly(methyl methacrylate) 
(PMMA) with spatiotemporal control.32, 33 Yagci and co-workers reported the 
synthesis of PMMA applying different conditions, such as in the presence and absence 
of photoinitiators and photosensitizers, as well as different applied wavelengths.34-37 
Matyjaszewski and colleagues have reported the synthesis of acrylates and 
methacrylates by employing low loadings (parts per million) of copper catalyst under 
visible light, as well as in different media.22, 38 Haddleton and colleagues have 
investigated the photoinduced Cu-mediated Reversible Deactivation Radical 
Polymerization (Cu-RDRP) of various acrylates utilizing excess of an aliphatic tertiary 
amine under UV irradiation reaching near-quantitative conversions at different molar 
masses.17  
The versatility of these photo-regulated systems has led researchers to understand 
the mechanism of photoRDRP in an attempt to provide insights into the transition 
metal complex behaviour. The catalyst mainly consists of the transition metal (copper 
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(Cu) in this current study) and the ligand(s) (herein aliphatic amines). Consequently, 
as the catalyst has a determining role on transferring the halogen and regulating the 
equilibrium between active and dormant species, the impact of photo-irradiation is 
important. Haddleton and co-workers reported that an excess of the aliphatic amine 
ligand (relative to Cu(II)Br2) is required so as to maintain excellent control over the 
polymerization by varying the composition of the catalyst (Cu(II)Br2 and  tris[2-
(dimethylamino)ethyl]amine (Me6TREN) as ligand) for the polymerization of 
acrylates.17 UV-vis spectroscopy was applied to follow the polymerization and 
monitor the effect of UV irradiation on the components of the polymerization over 
time. They proposed that the photoexcitation of free Me6Tren is responsible for the C-
Br bond homolysis, which occurs through an outer-sphere single-electron transfer 
(OSET) when the alkyl halide initiator is present, with the occurring radical initiating 
the polymerization. Moreover, this OSET process results in Me6Tren radical cations 
and Br anions that participate in the oxidation of the generated active species, into 
Cu(II)Br2/Me6Tren. Matyjaszewski’s group investigated the mechanism of activation 
and radical regeneration in photoATRP by performing a series of experiments with 
several reaction conditions, and experimental and kinetic simulation techniques.39 
Based on their findings, the (re)generation of the activator occurs from the 
photochemical reduction of Cu(II) complexes when excess of the amine ligand is 
employed, with the latter being oxidized to form a ligand-based radical cation, capable 
of initiating a new chain. Barner-Kowollik and colleagues investigated the initiation 
mechanism of photoRDRP utilizing pulsed-laser polymerization (PLP) and high 
resolution mass spectrometry, highlighting the role of the ligand which acts as a 
reducing agent.40 They demonstrated that upon UV irradiation, scission of the 
initiator’s C-Br bond occurs which subsequently provides radicals that can propagate 
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and also react with Cu(II) species. Upon UV irradiation, an electron transfer reaction 
takes place between the photoexcited ligand and Cu(II) moieties leading to the 
generation of Cu(I) species, and apart from that, it was proposed that the Cu(II) 
complex gets excited and subsequently quenched by the free ligand, generating the 
analogous Cu(I) complex and the ligand radical cation. All the aforementioned 
approaches highlight the importance of the excess ligand on photoinduced-RDRP and 
by utilizing different analytical (i.e. spectroscopic) techniques, interesting insights on 
the mechanism have been reported. However, a limited number of different ligands 
have been employed for these investigations, with Me6Tren having been the most 
extensively studied ligand for photo-induced Cu-RDRP.  
 
Scheme 5-1. Chemical structures of the aliphatic amines used as ligands in this 
investigation. 
 
In this chapter, the application of different characterization methods and analytical 
techniques including UV-Vis spectroscopy, ESI-ToF-MS and CV give insights into 
the effect of UV irradiation (broad band λmax ~ 360 nm) on the transition metal 
complex, when different aliphatic amines are employed as ligands (Scheme 1) and 
Cu(II)Br2 as the metal source. In order to investigate the excited-state behaviour of 
these complexes in depth, the [Cu(II)(Me6Tren)Br2] and the [Cu(II)(PMDETA)Br2] 
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complexes are studied through TEAS. Furthermore, the different catalytic complexes 
are employed for the photoinduced Cu-RDRP of methyl acrylate in organic media, 
leading to differences in the molecular characteristics of the obtained PMAs. 
 
 
5.2 Results and Discussion  
Initially, different Cu-based complexes with aliphatic amine ligands (L) were 
prepared in-situ in dimethyl sulfoxide (DMSO), including tris[2-
(dimethylamino)ethyl]amine (Me6Tren) (tripodal, 4N), 1,1,4,7,10,10-
Hexamethyltriethylenetetramine (HMTETA) (linear tetradentate, 4N), N,N,N′,N′′,N′′-
Pentamethyldiethylenetriamine (PMDETA) (tridentate, 3N) and 
tetramethylethylenediamine (bidentate, 2N) (TMEDA) as ligands and Cu(II)Br2 as the 
metal source. Subsequently, the different complexes were employed for the 
photoinduced Cu-RDRP of methyl acrylate (MA) with ethyl α-bromoisobutyrate 
(EBiB) as the initiator, following the ratio [MA]:[EBiB]:[L]:[Cu(II)Br2] = 
[50]:[1]:[0.02]:[0.12], in 50 % v/v  DMSO, under a UV “nail lamp” with broad band 
emission and λmax ~ 360 nm. As previously reported, the use of Me6Tren (in excess 
with respect to Cu(II)Br2) leads to control over the polymerization with well-defined 
polyacrylates and low dispersities. Kinetic experiments showed that, as expected, the 
rate of the polymerization was very fast (Table 5-1) and the semi-logarithmic plot of 
ln[M0/Mt] versus time follows linear trend, indicating that the reaction is first order 
with respect to [monomer] and the generation of the radicals is constant (Figure 5-
1A). Moreover, the experimental Mn values (Mn,SEC) exhibited very good agreement 
with the theoretical values (Mn,th.) which was depicted by the linear evolution of Mn,SEC 
with respect to monomer conversion.  
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When HMTETA, a linear tetradentate aliphatic amine similar to Me6Tren was 
employed as ligand, although the Mn,SEC showed linear behaviour with conversion and 
there was agreement between Mn,SEC and Mn,th., the ln[M0/Mt] versus time plot 
exhibited deviations from first order behaviour with respect to monomer. This 
indicates that the [propagating chains] was not constant throughout the polymerization 
and possibly there was an increase at high conversions (Figure 5-1B).  Moreover, 
slower polymerization rates were observed compared to Me6Tren (quantitative 
conversion after 2.5 hours) with the monomer conversion reaching 97% after 8 hours 
(Table 5-1). The dispersity of the polymers was higher than in the case of Me6Tren 
with Ð = 1.4 at 97% conversion.  
 When PMDETA (tridentate aliphatic amine) was used as ligand, good control over 
the molecular weights was observed as previously (Table 5-1, Figure 5-1C), although 
the dispersity values for PMA were slightly higher in comparison to the results 
obtained when Me6Tren was used, reaching Ð ~ 1.18 at 95% monomer conversion 
(after 8 hours). Although the ln[M0/Mt] versus time slightly deviated from the first 
order trend, there was not clear curvature of the plot that would indicate inconsistency 
on the radical generation. When the bidentate TMEDA was utilized, the Mn,SEC values 
deviated from the theoretical and the dispersity was higher than in the previous cases, 
reaching Ð ~ 1.90 (Table 5-1). Moreover, the rate of polymerization was slightly 
slower than when tetradentate and tridentate ligands were used, reaching 90% 
monomer conversion after 8 hours (Figure 5-1D) and the ln[M0/Mt] did not increase 




  Chapter 5 
 
205 
Table 5-1. 1H NMR and THF-SEC analysis for the photoinduced Cu-RDRP of MA 









































































































































a For all the polymerizations the conditions were [MA]:[EBiB]:[L]:[Cu(II)Br2] = [50]:[1]:[0.02]:[0.12], in 50 % v/v  
DMSO, under a UV lamp with broad band emission and λmax ~ 360 nm. b Monomer conversion obtained through 
1H NMR in CDCl3. c Determined by THF SEC analysis based on DRI and expressed as molecular weight 








Figure 5-1. Kinetic plots of conversion and ln[M0/Mt] over time, THF-SEC derived 
molecular weight distributions, and Mn,SEC and dispersity (Ð) versus monomer 
conversion for PMA with targeted DPn = 50 with A) Me6Tren, B) HMTETA, C) 
PMDETA and D) TMEDA as ligands under UV lamp with broad band λmax ~ 360 nm 
and  [MA]:[EBiB]:[L]:[Cu(II)Br2] = [50]:[1]:[0.02]:[0.12].  
 
Since the evolution of the photoinduced Cu-RDRP of MA exhibited 
differences when different ligands where used (Figure 5-8),  the behaviour of the 
different catalysts upon UV irradiation was subsequently investigated. Initially, 
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(conditions also applied for polymerization) were prepared and studied through UV-
Vis spectroscopy, upon exposure to UV irradiation. As has been extensively reported, 
the maximum absorbance at ~ 700 nm is attributed to the d-d transitions of the d9 Cu(II) 
complex.  It should be noted that deviations from the literature can be attributed to the 
different solvents used, since the solvent can play an important role on the coordination 
of Cu-complexes.41 For the [Cu(II)(Me6Tren)Br2] complex, the characteristic 
maximum absorbance is found at 950 nm, with a second absorbance feature at 750 nm 
(Figure 5-3A). The reduction of these maxima, indicative of the reduction of Cu(II) 
to Cu(I) and attributed to a ligand-to-metal charge transfer (LMCT), was highly 
evident even after a short period of exposure at UV irradiation (Figures 5-3 A&E). 
Noteworthy is that apart from a consistent reduction in [Cu(II)(Me6Tren)Br2] during 
the first 5 hours of UV irradiation, after 24 hours a scattering slope is evident, 
indicating that changes in the physical properties of the complex take place without 
excluding the hypothesis of Cu(0) particle generation and accumulation. When the 
[Cu(II)(HMTETA)Br2] complex was monitored, a reduction of the characteristic band 
at 725 nm was also evident, indicating the generation of Cu(I) from Cu(II) (Figures 
5-3 B&F). In comparison to [Cu(II)(Me6Tren)Br2], the reduction of the 
[Cu(II)(HMTETA)Br2] complex was slower and at lower degree, an observation that 
can potentially corroborate the slower rate of polymerization when HMTETA is used 
as ligand (Table 5-1, Figure 5-1B).  




Figure 5-2. Time-dependent UV-Vis spectra and kinetic profile of the Cu-based 
complexes with A), E) Me6Tren, B), F) HMTETA, C), G) PMDETA and D), H) 
TMEDA following broadband irradiation with λmax ~ 360 nm. 
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In the case of PMDETA used as ligand, the absorbance reduction at 730 nm 
was similar to the [Cu(II)(HMTETA)Br2], indicating a slower rate of Cu(II) reduction 
to Cu(I), and again conformed with the slower rates of polymerization (Figures 5-3 
C&G). The [Cu(II)(TMEDA)Br2] characteristic band at 695 nm exhibited the lowest 
degree of reduction (Figures 5- D&H) compared to the other complexes. This 
observation might be correlated with the polymerization results when TMEDA was 
used as ligand and give insight into the generation of Cu(I) when the bidentate 
TMEDA is employed for the formation of [Cu(II)(TMEDA)Br2].  
Consequently, the dynamics of the catalyst upon UV irradiation were explored 
with the use of TEAS, which was applied for the comparison of the complexes that 
exhibited the greatest control over the polymerization. As such, the 
[Cu(II)(Me6Tren)Br2] complex was compared with the [Cu(II)(PMDETA)Br2] 
complex, as well as with Cu(II)Br2 in the absence of ligand. These results are 
illustrated in the false-colour heat maps following excitation with 0.5 mW 365 nm 
radiation (Figures 5-3A-C). Each of the false-colour heat maps starts with a large (10s 
of mΔOD) absorption feature centred at  ~ 400 nm, which persists on the timescale of 
the instrument response ( ~ 80 fs, see Supporting Information). This feature likely 
includes mostly contributions from the solvent/glass of the flow cell and has not been 
included in Figures 5-3 A-C, for ease of visualisation on the relevant signal from the 
sample. As shown, a broad, but much weaker absorption feature which spans from 400 
to 700 nm is also present, with a corresponding ground state bleach (negative feature) 
around the excitation wavelength.  
 




Figure 5-3. TEAS generated false-colour heat maps of A) Cu(II)Br2, B) 
[Cu(II)(Me6Tren)Br2] and C) [Cu(II)(PMDETA)Br2], transient absorption spectra 
taken 2.5 ns after photoexcitation for D) Cu(II)Br2, E) [Cu(II)(Me6Tren)Br2] and F) 
[Cu(II)(PMDETA)Br2] and lineouts taken at 425 nm probe wavelength (purple line in 
A-C) for G) Cu(II)Br2, H) [Cu(II)(Me6Tren)Br2] and I) [Cu(II)(PMDETA)Br2]. 
 
This feature blue shifts, narrows, and grows in intensity, within the first 1 ps 
after photoexcitation, eventually becoming centred again on  ~ 400 nm. Subsequently, 
this decays within  ~ 5-10 ps, and a very small positive absorption offset persists 
throughout the temporal window of the experiment, suggesting that a small amount of 
photoproduct is created. This long lived state is evident in the non-zero transient 
absorption spectrum taken at 2.5 ns delay time, shown in Figures 5-3D-F, as well in 
the non-zero offset at long delay times in lineouts of the TEAS, taken at 425 nm probe 
wavelength (purple lines Figures 5-3 A-C), and shown in Figures 5-3 G-I. It is 
hypothesised that the differences in the UV-Vis absorption upon irradiation are caused 
by transitioning from Cu(II) to Cu(I) (with some contribution growing possibly from 
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Cu(0) over time). As such, it is suggested that the long-lived state observed is due to 
the creation of small amounts of Cu(I) complexes. The large amount of noise in all 
three TEAS (and the large negative feature observed in Figure 5-3F) around 365 nm 
is caused by scatter from the pump pulse which could not be thoroughly removed. 
All three false-colour heat maps are qualitatively similar, with the exception of 
an oscillating signal, with a peak to peak separation of  ~ 220 fs, which is clearly 
present in the [Cu(II)(Me6Tren)Br2] complex (Figures 5-3 B&H) and persists for at 
least 1 ps. This is also present but much weaker in the [Cu(II)(PMDETA)Br2] (Figures 
5-3 C& I) complex, and while an accurate peak to peak separation cannot be extracted, 
the frequency appears identical to that observed in [Cu(II)(Me6Tren)Br2]. Such an 
oscillatory signal is not observed in the Cu(II)Br2 alone (Figures 5-3 A&G). Similar 
TEAS were recorded when changing the halogen to chlorine, but no beat was observed 
(Figure 5-4). This suggest that both the ligand and the halogen are playing a role in 
the oscillatory signal observed in [Cu(II)(Me6Tren)Br2] and [Cu(II)(PMDETA)Br2]. 
As such, it was postulated here that the beat observed in the transient absorption 
spectra is caused by the system oscillating between two different oxidation states of 
Cu, possibly caused by motion of the bromine between the copper and the ligand. 
 
 
Figure 5-4. Transient Electronic Absorption Spectra of A) [Cu(II)(Me6Tren)Cl2], and 
B) DMSO alone, excited with 0.5 mW 365 nm pulses. 
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 Subsequently, CV studies were carried out in order to provide information 
about changes in the redox properties of the complexes upon UV irradiation. For the 
CV measurements, solutions of different complexes were prepared in DMSO and CV 
measurements were performed under a N2 atmosphere on a glassy carbon electrode. 
The voltammogram of  [Cu(II)(Me6Tren)Br2] shows reduction (Cu(II) to Cu(I)) during 
the cathodic trace and corresponding oxidation peak during the anodic trace, as has 
been previously reported.43 Although before UV irradiation the redox couple does not 
exhibit “perfect” quasi-reversible behavior, upon UV irradiation the quasi-reversible 
behavior was clear, possibly due to stabilization of the complex (Figure 5-5A). The 
half-wave potential (E1/2) in both cases was negative, and after UV irradiation an 
increase from -0.200 V (before UV) to -0.130 V (after UV) was observed.  
 
Figure 5-5. Cyclic voltammograms of A) [Cu(II)(Me6Tren)Br2], B) 
[Cu(II)(PMDETA)Br2], C) [Cu(II)(HMTETA)Br2] and D) [Cu(II)(TMEDA)Br2] 
complexes with 0.01 M concentration, in a 0.1 M tetrabutylammonium 
hexafluorophosphate (NBu4PF6) solution in DMSO with scan rate 0.5 V/s vs. Ag/AgCl 
on a glassy carbon electrode. 
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When the tridentate [Cu(II)(PMDETA)Br2] complex was measured before 
irradiation, reduction and oxidation were clearly observed during the cathodic and 
anodic trace (Figure 5-5B), exhibiting a quasi-reversible behavior (ΔΕp = 470 
mV>>60 mV, Table 5-2). After UV irradiation, although the anodic peak does not 
show significant changes, the cathodic sweep exhibits alterations, shifting to more 
negative values indicative of deviation from a reversible redox reaction. The peak-to-
peak separation exhibits differences before and after UV irradiation, 470 mV and 320 
mV respectively, showing that more energy is needed for the reduction of the complex 
after UV irradiation, an observation that can probably be attributed to the amount of 
species available for reduction. 
 The [Cu(II)(HMTETA)Br2] complex exhibited changes on the cathodic sweep 
after UV irradiation, showing a notable decrease (Figure 5-5C). Apart from the shift 
in potential, a second peak in the cathodic sweep was observed, probably attributed to 
a second population available for reduction. This might be attributed to changes in the 
coordination sphere of the metal complex upon exposure to UV light. It should be 
noted that due to the significant decrease of the cathodic peak, the peak-to-peak 
separation values could not be identified precisely after UV irradiation.  
In the case of [Cu(II)(TMEDA)Br2] both the anodic and cathodic traces were 
decreased upon UV irradiation (Figure 5-5D), an observation that led us to 
hypothesize that electrochemically the effect of UV irradiation on the catalyst complex 
is not as significant as in the other complexes examined. This information might 
provide an explanation on the behavior of the TMEDA ligand (and the analogous 
TMEDA/Cu(II)Br2 complex) on the polymerization results which exhibited significant 
differences from the other cases. In all cases, the ΔΕp values exhibited values much 
higher that 60 mV. These trends, although qualitatively examined, provide some 
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information on the effect of UV light on the behavior of redox couples that govern 
photoinduced Cu-RDRP and are reflected in the quality of the obtained polymers when 
the different ligands are used. 
 
Figure 5-6. ESI-MS spectra of A) [Cu(II)(Me6Tren)Br2], B) [Cu(II)(HMTETA)Br2], 
C) [Cu(II)(TMEDA)Br2] and D) [Cu(II)(PMDETA)Br2] before and after UV 
irradiation in MeOH. 
 
Finally, ESI-ToF-MS was employed to investigate potential photoproducts that 
occur after photo-irradiation of the complexes and can be detected through ESI as 
positively charged species in the gas phase. Apart from the individual complexes, a 
solution of [Cu(II)(Me6Tren)Br2] combined with a chlorine-based initiator (Figure 5-
7, Figure 5-9) was examined before and after exposure to UV light, to investigate the 
possibility of halogen exchange between the metal complex and the initiator.  In all 
complexes, peaks corresponding to [L + H] +, [L-CuBr + H] + and [L-CuBr2 + H]
 + were 
detected in the positive ion mode. Apart from H+ charged species, all of the samples 
A B
C D
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included Na+ charged species. For the [Cu(II)(Me6Tren)Br2] complex the main species 
detected were the [Cu(Me6Tren) + H]
+, [Cu(Me6Tren)Br]
+ and the 
[Cu(Me6Tren)(OCH3)]
+ (Figure 5-6A) both before and after UV irradiation. Apart 
from these intact complex species, free ligand [Me6Tren + H]
 + and [Me6Tren + Na]
 + 
were detected and only after UV irradiation a small peak corresponding to 
[(Me6Tren)(OCH3) + Na]
+ was found. Based on the TEAS results, it should be noted 
that when Me6Tren is used, any changes in the complexation of the metal are 
significantly fast and would be difficult to monitor. For the [Cu(II)(HMTETA)Br2] 
complex, the main species detected, apart from [L + H]+, were the [Cu(HMTETA)Br]+, 
[Cu(HMTETA)Br2]
+ and [Cu(HMTETA)2(OH)2 + Na]
+. Furthermore, although before 
UV irradiation a peak attributed to [Cu2(HMTETA)2Br(OCH3)2]
+ was detected, it was 
absent after UV irradiation (Figure 5-6B). 
For the TMEDA-based complex the assignment of the peaks was a challenging 






+ as well as [Cu2(TMEDA)2Br4 + Na]
+. The species detected only 




+ (Figure 5-6C). The existence of many species in the solution of 
the TMEDA-based complex might also be a factor that affects the polymerization and, 
thus the obtained polymers exhibit high dispersity and molecular weights. 
For the [Cu(II)(PMDETA)Br2] complex the main species assigned were the 
[Cu(PMDETA)]+, [Cu(PMDETA) (OCH3)]
+, [Cu(PMDETA)2(OH)2 + H]
+ and 
[Cu(PMDETA)Br2]
+ both before and after UV exposure (Figure 5-6D). However, 
peaks that correspond to intact [Cu(PMDETA)(OH)]+ (as well as [CuO(PMDETA)]+)  
and [CuO(PMDETA)Br + Na+]) were observed only after UV irradiation. For the 
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solution in which, apart from the [Cu(II)(Me6Tren)Br2] complex a chlorine initiator 
was added, a main peak at 328.16 m/z was detected corresponding to 
[Cu(Me6Tren)Cl]
+ as well as at 372.11 m/z the [Cu(Me6Tren)Br]
+ showing that 
exchange of the halogen between the complex and the initiator takes place (Figure 5-
7). Noteworthy is the peak at 414.20 m/z attributed to reactions taking place between 
the complex and the initiator, with the latter complexing with the ligand and 
corresponding to [Cu(Me6Tren)(-C3H6)Cl]
+ (Figure 5-7, e&e’). As a result, many 
different charged species were detected through ESI-MS for each complex, with all of 
them including not only the complexation of the Cu-metal center with the ligand and 
the halogen, but also the occupation of vacant coordination sites with solvent. The 
determination of the oxidation state of copper was avoided since the several species 
could have a positive charge due to the imbalance of copper and the counterion or due 
to a radical formed by the ligand. 
 
 
Figure 5-7. ESI-MS spectra of [Cu(II)(Me6Tren)Br2] in the presence of a Cl-initiator 
before and after UV irradiation in MeOH (top) and chemical structures corresponding 
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5.3 Conclusion  
In this chapter, the effect of UV irradiation on Cu-based complexes including 
different aliphatic amine ligands has been investigated.  Various state-of-the-art 
characterization tools such as UV-Vis spectroscopy, CV and ESI-MS, collectively 
provided information about the behaviour of [Cu(II)(Me6Tren)Br2], 
[Cu(II)(PMDETA)Br2], [Cu(II)(HMTETA)Br2] and [Cu(II)(TMEDA)Br2] upon 
exposure to UV light. Based on the UV-Vis results, all the complexes showed 
reduction of Cu(II) to Cu(I) (and even Cu(0)), with the most prominent one being 
observed for the [Cu(II)(Me6Tren)Br2] complex. The [Cu(II)(PMDETA)Br2] and 
[Cu(II)(HMTETA)Br2] complexes exhibited slower and at lower degree reduction of 
Cu(II) to Cu(I), and this was depicted in the rate of the polymerization (vide infra 
“Results and Discussion” section). Importantly, the excited-state dynamics of the two 
most commonly used complexes (i.e. [Cu(II)(Me6Tren)Br2], [Cu(II)(PMDETA)Br2]) 
were investigated through TEAS, indicating that the copper is found between two 
oxidation states, and this is due to the bromine moving between the copper and the 
ligand. The investigation of the excited-state dynamics, the redox behaviour and the 
different species generated upon complexation of the ligand to the metal centre, before 
and after UV irradiation are further depicted in the quality of the polymers obtained 
after utilization of these transition metal complexes for the photoinduced Cu-RDRP of 
MA.  
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5.4 Experimental Section  
5.4.1 Materials  
Methyl acrylate (MA, 99%), ethyl α-bromoisobutyrate (EBiB, 98%), copper(II) 
bromide (Cu(II)Br2, 99%) and all the solvents were purchased from Sigma-Aldrich and 
used as received. Tris-(2-(dimethylamino)ethyl)amine (Me6Tren) was synthesized 
according to the literature and stored in the fridge.44 The ligands N,N,N′,N′′,N′′-
Pentamethyldiethylenetriamine (PMDETA), tetramethylethylenediamine (TMEDA), 
1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA) were purchased from 
Sigma-Aldrich and were distilled before use.  
 
5.4.2 Instrumentation and Characterization techniques 
Proton Nuclear Magnetic Resonance (1H NMR) 
1H NMR spectra were recorded on Bruker DPX-300 or DPX-400 spectrometers in 
deuterium oxide (D2O) obtained from Sigma-Aldrich. Chemical shifts are given in 
ppm downfield from the internal standard tetramethylsilane. Monomer conversions 
were determined via 1H NMR spectroscopy by comparing the integrals of monomeric 
vinyl protons to polymer signals. 
 
Size Exclusion Chromatography (SEC)  
SEC measurements were carried out using THF as the eluent with an Agilent 
390-LC MDS instrument equipped with differential refractive index (DRI), 
viscometry (VS), dual angle light scatter (LS) and dual wavelength UV detectors. The 
system was equipped with 2 x PLgel Mixed C columns (300 x 7.5 mm) and a PLgel 5 
µm guard column. The eluent was THF with 2 % TEA (triethylamine) and 0.01 % 
BHT (butylated hydroxytoluene) additives. Samples were run at 1 mL / min at 30 oC. 
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Poly(methyl methacrylate) standards (Agilent EasyVials) were used to create a third 
order calibration between 550 gmol-1 and 1,568,000 gmol-1. Analytical samples were 
filtered through a GVHP membrane with 0.22 μm pore size before injection. 
Experimental molar mass (Mn,SEC) and dispersity (Đ) values of synthesized polymers 
were determined by conventional calibration using Agilent GPC/SEC software 
(version A.02.01). 
 
Electrospray Ionization Time-of-Flight Mass Spectrometry (ESI-ToF-MS) 
ESI-ToF MS measurements were performed using a Bruker MicroToF in 
positive mode. The ion source voltage was set to 3.5 kV with a dry gas flow of 4.0 
l/min and a dry temp of 195 degrees Celsius. Samples were diluted in methanol [1 eq. 
Cu(II)Br2 (4 mg) and 6 eq. ligand in 10 mL MeOH) and directly injected into the ESI-
ToF mass spectrometer with a flow rate of 10 microlitres per minute. Spectra were 
accumulated over 1 minute; the average spectra then being reported here. When using 
a UV light source, the syringe containing the sample mixture was irradiated before 
direct injection. 
 
UV-Vis spectroscopy (UV-Vis) 
UV-Vis spectra were recorded on an Agilent Technologies Cary 60 UV-Vis 
spectrometer in the range of 200-1100 nm using a quartz cuvette (purchased from 
Starna) with 10 mm optical length. All the samples were prepared using Cu(II)Br2 (4 
mg, 1 eq.) and ligand (6 eq.) in 8 mL DMSO and subsequently degassed for 15 min 
before getting placed under a UV lamp with broad band λmax ~ 360 nm. Stirring (900 
rpm) was applied for the whole duration of the kinetics. 
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Transient Electronic Absorption Spectroscopy (TEAS) 
  The TEAS setup has been previously described in detail.45 A commercially 
available Ti:Sapphire oscillator and amplifier (Newport Spectra Physics Spitfire Ace 
PA) generates 800 nm, 40 fs duration laser pulses at a repetition rate of 1 kHz with 15 
W average power. This is split four ways into roughly equally powered beams. Only 
one of these beams is used in the current experiments. One of these 3.5 W beams is 
split again to 2.5 W and 1 W. The 2.5 W beam pumps an optical parametric amplifier 
system (TOPAS, Light Conversion) which generates the pump beam centred at 365 
nm and 0.5 mW average power. This beam is chopped at a frequency of 500 Hz to 
facilitate pump on and pump off measurements (see below). The remaining 1 W is 
reduced to 5% power and focused onto a translated calcium fluoride window to 
generate a white light continuum probe beam spanning the spectral range 320 to 720 
nm. A hollow gold retroreflector is used to delay the probe beam with respect to the 
pump beam. The two beams interact with the sample (Cu(II)Br2, 20 mg, 1 eq. and 
ligand (6 eq.) in 40 mL DMSO) which is circulated through a flow cell (Harrick 
Scientific) such that each laser pulse interrogates a fresh sample. Transient absorption 
spectra are taken at various delay times, Δt. Difference spectra are obtained by taking 
the log difference between the unpumped and pumped spectra. Data is globally fit 
using the fitting program Glotaran.46 
 
Cyclic Voltammetry (CV) 
Cyclic voltammetry was performed using a CH-Instruments 600 E potentiostat. 
A standard three-electrode cell equipped with a 3 mm glassy carbon disc working 
electrode, a Ag/Ag+ reference electrode, and a platinum counter electrode was 
established. The glassy carbon working electrode was polished with 0.05 µm alumina 
powder, rinsed sequentially with acetone, isopropanol and MilliQ water prior to each 
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use. The platinum wire counter electrode was annealed in a blue flame before use. The 
silver wire reference electrode was polished before every use. All experiments were 
carried out in a 0.1 M tetrabutylammonium hexafluorophosphate (NBu₄PF₆) solution 
in DMSO under a nitrogen atmosphere. A concentration of 0.01 M copper complexes 
was used (1 eq. Cu(II)Br2  and 6 eq. ligand) for all CV measurements. The 
ferrocene/ferrocenium redox couple (Fc/Fc+) was used for internal calibration. 
 
5.4.3 Experimental Procedures 
Typical 4 mL scale photoinduced Cu-RDRP of MA (targeted DPn = 50) in DMSO  
A glass vial was charged with Cu(II)Br2 (2.0 mg, 0.02 eq.) and DMSO (2 mL). Ligand 
(0.12 eq.) was added through a microliter syringe and the solution was vortexed for ~ 
1 minute. MA (2 mL, 50 eq.), EBiB (65 µL, 1 eq.) and a stirrer bar were added, the 
vial was septum-sealed, and the solution was deoxygenated through N2 sparging for 
15 min. The polymerization was allowed to commence under a UV nail lamp (λmax ~ 
360 nm). Conversions were measured using 1H NMR in CDCl3 and SEC analysis was 
conducted in THF after the samples having been passed through neutral alumina for 
the removal of copper salts.  
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5.4.4 Supplementary Figures & Characterization  
 
Figure 5-8. A) Kinetic plots of ln[M0/Mt] over time and B) THF-SEC derived 
molecular weight distributions for all the PMAs with targeted DP = 50 when different 
ligands were used. The THF-SEC traces of the PMAs belong to samples with Me6Tren 
(2.5 hrs of polymerization), TMEDA (8 hrs), PMDETA (8 hrs) and HMTETA (8 hrs).  
a branched tripodal. 
 b linear. 
 
 
Figure 5-9. Chemical structure of the chlorine initiator used for the monitoring of 
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Table 5-2. Potentials of anodic (Epa) and cathodic (Epc) peaks and peak-to-peak 
separation values (ΔΕp) for the different complexes, obtained by cyclic voltammetry 
before and after UV irradiation.  








[Cu(II)(Me6Tren)Br2] -0.020 -0.400 380 -0.200 
[Cu(II)(PMDETA)Br2] 0.250 -0.220 470 0.015 
[Cu(II)(HMTETA)Br2] 0.330 -0.120 210 0.105 







[Cu(II)(Me6Tren)Br2] 0.040 -0.300 340 -0.130 
[Cu(II)(PMDETA)Br2] 0.220 -0.100 320 0.060 
[Cu(II)(HMTETA)Br2] 0.400 N/A N/A N/A 
[Cu(II)(TMEDA)Br2] 0.330 -0.140 470 0.095 
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Chapter 6.  
Conclusion:  
Limitations, applications & 
perspectives 
6.1 Limitations  
The development of less sophisticated controlled radical polymerization 
strategies is a significantly important requirement for the expansion of these 
methodologies, not only from an academic perspective but also from an industrial 
point of view. The traditional deoxygenation platforms (i.e. gas sparging, freeze-
pump-thaw, glove box equipment) require personnel training, are time-demanding and 
often uneconomic and can exhibit scalability limitations. Hence, the replacement / 
circumvention of these conventional approaches and the development of oxygen 
tolerant methodologies, entail with the higher simplicity, reliability and application 
scope for CRPs.  
 Nevertheless, apart from the advantages of oxygen tolerance, not all the CRP 
systems can proceed successfully in the presence of oxygen, or more importantly, 
some oxygen tolerant approaches can be more complex in their implementation 
compared to conventional deoxygenation. For instance, in some Cu-RDRP and RAFT 
polymerizations, sacrificial reducing agents (e.g. ascorbic acid, hydrazine, phenols) 
are used in order to quench molecular oxygen, leading to the formation of side 
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products. On the other hand, the “polymerizing through” oxygen approach can be 
incompatible when low kp monomers are used, or when there is no rapid radical 
generation.1 
 Furthermore, it should be noted that since oxygen acts as radical scavenger, its 
presence might affect the rate of the polymerization and the macromolecular 
characteristics of the obtained polymers.2,3 In other words, long induction periods 
related to oxygen consumption might be seen, followed in many cases by prolonged 
polymerization times.4 Additionally, since carbon-centred radicals react with (singlet) 
oxygen, loss of initiator efficiency might be observed, leading to high molecular 
weights.1,5 In the case of transition metal-catalyzed reactions, oxygen can react with 
the metal catalyst-complex, leading to the formation of metal-peroxo analogues and 
thus, altering the polymerization evolution.3   
Table 6-1. Advantages and disadvantages of conventional deoxygenation and oxygen 
tolerant methods based on selected criteria. 
 
Consequently, judicious optimization is needed in order to exploit an oxygen 
tolerant approach and render it beneficial and in parallel more facile than conventional 
deoxygenation. In any case, the main purpose for applying a deoxygenation-free 
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platform, is the simplification of the already existent polymerization protocols, in 
parallel with the retention of control over the polymerization.  
 
6.2 Applications  
As has been discussed in this thesis, the main purpose of developing oxygen 
tolerant CRP platforms is the simplification and expansion of the already existing 
methodologies. In this context, some of the most promising, current and prospective, 
applications of oxygen tolerant CRPs can be found in diverse fields including high-
throughput syntheses,6,7 continuous-flow polymerizations8,9 and education. 
High-throughput syntheses 
The development of high-throughput systems has attracted significant interest 
the last years due to the fast-track synthesis of polymer libraries.6,10–12 A basic 
characteristic of these approaches is the low volume of the reactions (normally μL) 
which renders the conventional deoxygenation approaches inefficient and difficult to 
apply. For instance, gas sparging and freeze-pump-thaw are practically challenging 
and glove boxes are costly. Thus, research has been focused on the replacement of 
conventional deoxygenation, either via “enzyme degassing”,13 or with the 
“polymerizing through” oxygen approach.14 As a result, well-defined diverse materials 
are being synthesized, in a facile and economical manner.  
Polymerizations in continuous flow 
Continuous flow chemistry has been proved as an efficient alternative of batch 
reactions, providing high reproducibility, consistency, low-cost and multi-scale 
polymerizations.15–17 However, the implementation of flow-setup for CRPs can be a 
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challenging task when stringent anaerobic conditions are required. This is due to the 
fact that a flow-setup consists of various parts including connections and tubing. In 
particular, the choice of tubing is highly important since, depending on the material, 
the latter can be oxygen permeable. For instance, tubing made of perfluoroalkoxy 
alkane (PFA) or fluorinated ethylene propylene (FEP) has high oxygen permeability, 
while Halar and Tefzel (tetrafluoroethylene) exhibit higher oxygen barrier 
properties.16  In order to provide simplicity in the flow-setup, researchers have 
introduced oxygen tolerant approaches for continuous flow polymerizations, 
especially when light is used as external stimulus (i.e. PET-RAFT, photoinduced Cu-
RDRP).8,9,18  Thus, the combination of oxygen tolerance and flow-chemistry has been 
considered as an important platform for multi-scale polymerizations in a facile and 
consistent manner.  
Educational purposes 
In 2019, Lewin introduced the term “pedagogical reduction” to describe, 
examine and clarify the approaches that need to be made in order to achieve the simple 
and understandable transfer of knowledge to students.19 In this context, simpler yet 
efficient processes need to be introduced in the field of polymer chemistry, especially 
since this field has been an essential subject of chemical education the last 50 years.20,21  
Apart from the practical difficulty of conventional deoxygenation methods (i.e. 
Schlenk lines), it should also be considered that not all the existing chemical 
laboratories have sufficient resources to provide expensive gas supplies in wide 
experimental range. Hence, it is highly possible that oxygen tolerance would enable 
universities with low financial status to include CRPs in their educational programs, 
thus providing more knowledge to young developing polymer scientists.  
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As a result, although oxygen tolerance in CRPs might be considered as a 
controversial field of research due to current limitations, the continuous progress and 
the increasing interest in this objective, could significantly broaden the scope of CRP 
techniques into user-friendly platforms for a range of applications.  
 
6.3 Conclusions  
The focus of this Ph.D. thesis was to develop Cu-RDRP and render it a more 
user-friendly and versatile platform. For this purpose, three different Cu-RDRP 
methodologies, Cu(0)-wire mediated RDRP (Chapter 2), photoinduced Cu-RDRP 
(Chapter 3) and aqueous Cu-RDRP with the pre-disproportionation of Cu(I) (Chapter 
4), were studied in the absence of conventional deoxygenation or extrinsic oxygen 
scavengers. Apart from the oxygen tolerant nature of these platforms, the effect of UV-
irradiation on Cu-based complexes was investigated (Chapter 5), providing insights 
into the excited state dynamics and the photo-redox behaviour Cu(II)-based 
complexes, and the effect of different aliphatic amines on photoinduced Cu-RDRP.  
In Chapter 2, the application of Cu(0)-wire RDRP in the absence of 
deoxygenation was investigated. By simply adjusting the headspace of the reaction 
vessel, a wide range of monomers, namely acrylates, methacrylates, acrylamides, and 
styrene, were polymerized in a controlled manner, yielding polymers with low 
dispersities, near-quantitative conversions (>99%), and high end-group fidelity, which 
was verified with in-situ chain extensions and block copolymerizations. This approach 
was tolerant to elevated temperatures (up to 90 oC), compatible with both organic and 
aqueous media, as well as with conventional ATRP. Furthermore, by eliminating the 
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headspace, higher reaction scales were achieved (ca. 125 g), further verifying the 
robustness of this simple approach.  
In Chapter 3, a fully oxygen tolerant photoinduced Cu-RDRP system, 
independent of any externally added oxygen quenchers, reducing agents or 
deoxygenation methods was developed and discussed. By eliminating the headspace 
of the reaction vessels (8 mL scale), a range of monomer families, including 
hydrophobic, hydrophilic and semi-fluorinated (meth)acrylates were polymerized with 
the utilization of various solvents. The versatility of the proposed oxygen-tolerance 
methodology was verified by achieving high control over the molecular weights and 
end-group fidelity in near-quantitative polymerizations, enabling in-situ chain 
extensions and block copolymerizations. That approach was efficiently scalable from 
extremely low volumes such as 5 μL, to high scale reactions of 0.5 L. The oxygen 
consumption in the photoinduced polymerization was monitored with the use of an 
oxygen probe, and the role of the different components that comprise a deoxygenation-
free polymerization was investigated.  
The rapidly self-deoxygenating Cu-RDRP of various acrylamides in aqueous 
media was discussed in Chapter 4. The disproportionation of Cu(I) in the presence of 
Me6Tren as a tertiary amine aliphatic sigma-donor ligand in water towards Cu(0) and Cu(II) 
was exploited, leading to full oxygen consumption within seconds, both in sealed and open-
air conditions. In the absence of any type of external deoxygenation, a range of hydrophilic 
homo- and block co-polymers with controlled molecular weight, low dispersity and high-
end group fidelity were synthesized within minutes. The aqueous oxygen consumption 
profile was elucidated by the in-situ online monitoring of the dissolved [O2] through a fiber-
optic oxygen monitoring probe, and the effect of the catalyst and ligand concentration, as 
well as the effect of different solvents were examined. A number of analytical methods 
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including EM, EELS and XPS collectively verified the rapid oxidation of Cu-species and 
elucidated the nature of the oxidized products.  
Finally, in Chapter 5, the effect of UV irradiation of Cu(II)-derived complexes with 
different alphatic amines as ligands, was investigated and discussed. For this purpose, four 
aliphatic amines were used as ligands and Cu(II)Br2 as the metal source for the 
formation of catalyst complexes that can be used for the photoinduced Cu-RDRP of 
methyl acrylate. Different characterization techniques such as transient electronic 
absorption spectroscopy (TEAS), ultraviolet-visible (UV-Vis) spectroscopy, 
electrospray ionization time of flight mass spectrometry (ESI-ToF-MS) and cyclic 
voltammetry (CV) were applied in order to provide insight into the catalyst behaviour 
upon photo-irradiation. The motion of the bromine between the copper and the ligand 
was investigated via TEAS, while the electrochemical behaviour of the Cu(II)/Cu(I) 
redox couples was examined through CV. Finally, the detection of different species 
upon complexation of the ligand to the metal centre (before and after UV irradiation) 
provided further information about the effect of photoirradiation on the different 
complexes, and consequently on the polymerization. 
 
6.4 Outlook & Future Work  
The development of oxygen tolerant Cu-RDRP has simplified the synthesis of 
well-defined poly(acrylates), poly(styrene) and poly(acrylamides), providing access to 
high molar masses and one-pot chain extensions and block copolymerizations. The 
oxygen tolerant approaches discussed in this thesis are compatible with many 
conditions including various temperatures, reaction media and polymerization scales. 
However, apart from poly(acrylates), poly(styrene) and poly(acrylamides), more 
monomer families need to be investigated including poly(methacrylates) and 
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poly(methacrylamides) in organic and aqueous media, respectively. Furthermore, 
although the chain-end fidelity of the thus far synthesized polymers is high and allows 
for in-situ chain extensions, further studies are needed in order to examine the extent 
of this characteristic, and the ability to synthesize multi-block copolymers in the 
presence of oxygen. This will render the oxygen tolerant Cu-RDRP methodology more 
robust. Finally, although low volume polymerizations have been reported, the 
expansion to larger scales or industrially relevant conditions, would facilitate the 
“commercialization” of RDRPs.  
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